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ABSTRACT 
A COMPOSITE STUDY OF THE MADDEN-JULIAN OSCILLATION 
A composite based on the phase of the 30-60 day oscillation (referred to here as the 
Madden-Julian Oscillation or MJO) is used to examine kinematic and thermodynamic 
fields over the equatorial western Pacific Ocean for three Northern Hemisphere winter 
seasons (1986-89). The composite is based on Outgoing Longwave Radiation (OLR) data 
from NOAA polar-orbiting satellites plotted in time versus longitude diagrams. Eastward 
propagation of low OLR (inferred deep convection) values associated with the trough of 
the MJO wave was clearly visible in these Hovmoller diagrams. These diagrams were 
used to construct a four convective phase composite. The composite is then applied to 
the OLR and model analysis data from the European Center for Medium Range Weather 
Forecasts (ECMWF) and the National Meteorological Center (NMC). Large scale heat and 
moisture budgets are calculated and compared to other tropical budget studies. Emphasis 
is placed on inter-phase variability and the role of EI Nino-Southern Oscillation (ENSO) 
as a modulator of convective activity. 
The OLR composite reveals that during the two warm years (1986-87 and 1987-
88) the main convective activity was centered between the 2.5°S and 5.00S. It shifted to 
between 10.00S and 15.00S during the cold year (1988-89). The OLR data also indicated 
that the convection was stronger in the warm years than in the cold year. The eastward 
propagation of the convection was also evident. 
The comp08ited low-level equatorial zonal winds were maximum westerly (associated 
with westerly wind bursts) during the decreasing convection phase, just west of the deep 
convection. This is consistent with the hypothesized structure of cloud clusters advanced 
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by Lau et al. (1989). Low-level convergence, however, is found to peak during the increas-
ing convection phase, or just to the east of the deep convection. 
The vertical motion composites from both the ECMWF and NMC models showed 
the maximum ascent during the maximum convection phase peaking near 300 mb in the 
warm years and near 500 mb in the cold year. However, both composite results exhibited 
marked differences in latitudinal distribution and magnitude of the vertical motion. The 
ECMWF composite showed the core of the vertical motion shifting from near 2.5°8 during 
1986-87 to near 15.0°8 during 1988-89. The NMC composite maintained the main core of 
the vertical motion near 10.0°8 during all three years. The NMC results are inconsistent 
with the OLR composite analysis which showed a southward shift of the convection during 
the cold year. Also, the magnitude of the vertical motion in the ECMWF composite was 
found to be stronger in the warm years than the cold year, while in the NMC composite 
the magnitudes remained nearly the same in all three years and were nearly 50% smaller 
than in the ECMWF composite. 
The vertical profiles of Ql (the apparent heat source) appear very similar to the profiles 
of the vertical motion. The Ql heating peak is found to be at a higher level during the EI 
Nino years (between 300-400 mb) than in the La Nina year (between 700-500 mb). The 
higher heating peak is suggestive of more vigorous convection and/or a greater fraction of 
upper-level stratiform precipitation in the warm years than in the cold year. The zonal 
distribution of heating during the cold year shows how the vertical profile of heating is 
strongly influenced by land masses. The heating peaks near 400 mb in the vicinity of 
Papua New Guinea and between 700 and 500 mb over the open ocean to the east. 
The meridional profiles of Ql and Q2 (the apparent moisture sink), showed a distinct 
cooling and moistening in the Northern Hemisphere north of 10.00N throughout most of 
the troposphere. The low-level cooling and moistening peaks are most likely a result of 
the re-evaporation of trade-wind cumulus clouds and the secondary cooling peak in the 
upper troposphere is likely due to longwave radiation off the tops of the residual cirrus 
anvils. Within the minimum OLR regions south of the equator in both the warm and cold 
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Since it was :first detected in the surface pressure and zonal wind record of a single 
island in the tropical Pacific Ocean by Madden and Julian in 1971, the 30-60 dayoscil-
lation (later called the Madden-Julian Oscillation and hereafter referred to as the MJO) 
has been vigorously studied to document its characteristics, dynamics, and origin. The 
initial investigations were observational studies that aimed to confirm the existence and 
to examine the spatial and temporal scope of the oscillation. One inherent problem in 
studying any phenomenon located in the equatorial region of the globe is the lack of ob-
servational data with enough spatial and temporal resolution to accurately describe it in 
detail. However, investigators believed a more thorough understanding of this periodic 
feature could lead to more accurate mid- to long-range forecasts in the tropics. 
A variety of data sets and analysis techniques have been employed to examine the 
characteristics of this atmospheric oscillation. Madden and Julian (1971) used nearly ten 
years of daily rawinsonde data in their initial investigation when they stumbled across the 
oscillation. Spectral and cross spectral analysis of data from Canton Island (3°S 172°W) 
revealed a long period oscillation in the station pressure and zonal winds. They found this 
oscillation had a lower frequency than any other wave phenomenon theorized before, but 
higher than the seasonal variation. The dominant period was on the order of 40-50 days. 
Their results showed the zonal winds at 850 mb were out of phase with those at 150 mb. 
They found low surface pressures were associated with strong 850 mb easterlies and high 
surface pressure associated with weak 850 mb easterlies or westerlies. 
In their follow-on investigation, Madden and Julian (1972) employed the same spec-
tral and cross spectral analysis technique to some twenty-five stations around the globe, 
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primarily located in the tropics. They found that stations within ten degrees of the equa-
tor in the Pacific and Indian Oceans between Caracao (12°N 68°W) and Singapore (1°N 
103°E) showed spectral peaks in the surface pressure data with a period of 40-50 days. The 
equatorial Atlantic Ocean station data showed the 40-50 day peak was no more important 
than the 30 or 60 day peak. They then concluded the original 40-50 day oscillation was 
too restrictive and expanded it to the currently accepted 30-60 day oscillation. However, 
due to the large separation of these data points, there remained some question as to the 
continuous nature of the oscillation. Figure 1.1a is a schematic take from Madden and 
Julian (1972) which depicts the time and space evolution of a disturbance associated with 
the MJO. The letters A-H correspond to the dates associated with the oscillation Canton 
Island's pressure wave, shown in Fig. 1.Ib. This schematic shows a disturbance developing 
in the eastern Indian Ocean (near 800 E), strengthening as it moves over Indonesia and 
into the western Pacific Ocean, and weakening and dissipating as it continues to propagate 
eastward over the central and eastern Pacific Ocean. The evolution of the disturbances 
that will be presented later in this study follows this schematic very well. 
It is widely accepted that Outgoing Longwave Radiation (OLR) serves as a good 
proxy for convection in the tropical atmosphere (Heddinghaus and Krueger, 1981). The 
polar-orbiting meteorological satellite was a source of data that was of high enough spatial 
and temporal resolution to facilitate increased understanding of the large-scale oscillatory 
nature of this atmospheric phenomenon. Lau and Chan (1985) used Empirical Orthogonal 
Function (EOF) analysis of OLR data from NOAA polar-orbiting satellites and found, by 
first applying a 5-day running-mean filter and subtracting out the seasonal mean, that 
the OLR data also showed a spectral peak with a 30-60 day period. They found a dipole 
oscillation structure in the OLR data between the maritime continent of Borneo and 
Indonesia and the central Pacific Ocean on the two-to-three month and the inter-annual 
time scales. When there were low values of OLR over Borneo, there tended to be high 
values over the central Pacific and vice versa. They attribute the inter-annual dipole 
to the EI Nino-Southern Oscillation (ENSO). In an earlier paper, Lau and Chan (1983) 
suggested the two-to-three month dipole may be linked to the MJO. 
EAST lONi;ITiJDE WEST LONGITUDE 
2C' 6~' 10C· '40' 180' 140· 100· 60· 20· 
o I I 
Sea ;,. .... ' "'.'IU'. -
I 
'\ ( c ~ I D ++ ---J ~~------__ 
= 
- II -.FR:" N:;ONES,:' S. AMERICA 
3 
E 
o 5 10 15 20 25 30 35 40 45 5C 
TIME-OAYS 
Figure 1.1: Schematic of the time and space evolution of a disturbance associated with 
the 30-60 day oscillation. Taken from Madden and Julian (1972). The letters at the left 
in Fig. l.la correspond to the dates associated with the oscillation in Canton Island's 
station pressure shown in Fig. l.lb. 
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The life cycle of the 30-60 day oscillation was examined by Knutson and Weickmann 
(1987) by compositing filtered NMC 850 mb and 250 mb global wind analyses and OLR 
data for the period 1979-84. In order to isolate the desired period, they applied a five-day 
averaging scheme, subtracted out the annual and semiannual cycles, and then applied 
a band pass filter. They then used EOF analysis of the 250 mb velocity potential field 
(the divergent part of the wind) to determine the phase of the oscillation. They used the 
phase of the oscillation to perform their compositing technique. Realizing the seasonal 
variation would be large, they applied their compositing technique to the data for the 
periods May through October and November through April. In their analysis they found 
the oscillation had a faster eastward propagation speed in the wind field than in the OLR 
field and that the OLR oscillation only reached to 150oW, while the oscillation in the 
wind field was evident around the entire globe. They found the oscillations were not 
as pronounced during the Northern Hemisphere winter as in the Northern Hemisphere 
summer. In addition, they found the circulation anomalies were out of phase between the 
lower and upper troposphere. This is consistent with the earlier findings of Madden and 
Julian. 
These diagnostic studies provided much insight into the general features of the oscil-
lation, but did not provide a clear explanation as to its origin, its forcing mechanism or 
its relationship to other tropical phenomenon such as ENSO. With increased computer 
processing power and more sophisticated general circulation models, the focus was shifted 
to the accurate modeling of this feature. The main objective of the simulations was to 
realistically represent the oscillation within the known dynamical framework of the model 
and then use the mode~ data to describe the the origin and evolution of the oscillation. 
Numerical models have been able to simulate the oscillation fairly well. Lau and Lau 
(1986) used the Geophysical Fluid pynamics Laboratory (GFDL) General Circulation 
Model (GCM) to examine the three dimensional structure and temporal evolution of the 
oscillation. They found a global scale oscillation in the form of eastward-propagating 
circulation cells oriented in the equatorial plane. In their 15 wavenumber model they 
found the 30-60 day signal was strongest in the velocity potential field (X) and that the 
5 
oscillation occurs throughout the year. The velocity potential fields in the lower level 
of the model were out of phase with those in the upper levels. These findings are a.ll 
consistent with the observations of Knutson and Weickmann (1987). However, one fault 
of the simulation was the speed of propagation. In their results the eastward propagation 
was approximately 15 m s-1 , while observations range from 4-10 m s-1 . 
Lau and Peng (1987) and later Lau et al. (1989) used the five-layer model first intro-
duced by Lau and Lim (1984) to test a theory of the origin of the intraseasona.l oscillation 
in terms of 'mobile' wave-CISK (Conditional Instability of a Second Kind). Lau and Peng 
tested two scenarios, one with a local oscillating heat source and the other with an inter-
nally forced heat source. The first scenario, with maximum heating near 600 mb, resulted 
in atmospheric oscillations that propagated away from the source region in both direc-
tions. They determined the oscillations took the form of Rossby waves propagating to the 
west and Kelvin waves propagating to the east of the heat source. This is in disagree-
ment with observations of eastward-only propagation, although Lau et al. (1989) showed 
some shorter period westward moving cloud clusters. Scenario two, which includes wave 
CISK-type internal heating maximized at 600 mb, resulted in circulation cells propagat-
ing eastward at approximately 19 m s-1 . The corresponding period of this oscillation is 
about 24 days. This speed is again faster than observations. The eastward-propagating 
Kelvin waves are divergent and the westward-propagating Rossby waves are rotational. 
They theorize that because the convergence associated with the Kelvin waves is greater 
than that associated with Rossby waves, the Kelvin waves will be enhanced more read-
ily than the Rossby waves. The net result is that the Kelvin waves propagate eastward 
and enhance convergence and convection farther east via the CISK mechanism. The new 
heat source excites new Kelvin waves which propagate eastward, which in turn enhances 
convergence and convection to the east. They also suggest the Rossby waves do not grow 
because their response time is longer than Kelvin waves, so they do not have enough time 
to grow before the new heat source develops to the east. 
However, the observations of Knutson and Weickm.ann (1987) indicate that the con-
vective anomalies only propagate as far as 150oW, so how can the Kelvin wave be main-
tained around the globe? Lau and Peng theorize that if the Kelvin waves were strong 
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enough to make it around the globe one time they could be re-enhanced by the CISK 
mechanism once they got to the warm waters of the Indian and western Pacific Oceans 
again. Lau et al. (1989) tied the eastward propagation to Super Cloud Clusters (SCCs) 
that move discretely eastward due to successive formation of new westward-moving clus-
ters to the east. This is similar to the propagation scenario described by Lau and Pengo In 
their model, they found that the speed of propagation is sensitive to the level of maximum 
heating. They found that maximum heating near 300 mb resulted in a propagation speed 
of 23 m s-1 while maximum heating between 700-500 mb resulted in speeds near 9 m s-1 . 
They argue that because Kelvin waves are non-dispersive and are unstable with respect 
to CISK, they are selectively amplified and Rossby waves are damped. 
Figure 1.2 is a schematic taken from Lau et al. (1989) which gives a 3-dimensional 
illustration of their theory. It shows the largest, disturbances associated with the Kelvin 
waves moving eastward and the smaller disturbances associated with the Rossby waves 
moving westward. It also shows westerly wind bursts to the west of the main convective 
disturbance. The results that will be presented in this study also show the strongest 
westerly winds to the west of the main convection. 
Chang and Lim (1988) used a linear theoretical analysis of the equatorial ,a-plane 
wave-CISK and also found that the propagation speed of the CISK mode is sensitive to the 
level of maximum heating. They found speeds of 30 and 15 m s-1 for heating maximized 
at 400 and 600 mb respectively. If the maximum heating was in the lower troposphere, 
the CISK mode became nearly stationary. They also found that the 'moisture availability 
factor', which is directly related to the heating generated by the CISK mechanism through 
low level moisture convergence, has a large effect on the phase speed of the CISK mode. 
When they increased the moisture availability, the phase speed decreased rapidly. The 
results from Wang (1988) and Lau and Shen (1988) agree well with these findings. In 
his theoretical study of moist Kelvin waves, Wang found that if the mixing ratio within 
the planetary boundary layer increased, the phase speed of the Kelvin waves decreased. 
Lau and Shen used a shallow-water system of equations and found by increasing the sea 
surface temperature from 27 to 29°C, the phase speed could be reduced from 35 m s-1 
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Hierarchy structure of intraseasonal oscillations 
over the· Tropical Pacific Ocean 
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Figure 1.2: Schematic showing the 3-dimensional structure of the intraseasonal oscillation 
taken from Lau et al. (1989). Note the westerly wind bursts to the west of the major 
eastward moving precipitation pattern and the smaller westward moving cloud clusters. 
Also note the upper-level equatorial easterlies. 
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to less than 5 m s-1 . They attributed the slowing of the propagation to the increased 
latent heat from the ocean opposing the adiabatic cooling in the convective towers such 
that the effective static stability was decreased. This decrease in stability allowed for 
stronger vertical motions and more horizontal momentum being incorporated into the 
vertical motion, thereby slowing the horizontal propagation speed. 
Neelin et aI. (1987) added another possible mechanism for the existence of the in-
traseasonal oscillation, namely the evaporation-wind feedback mechanism. In this theory, 
they believe that a region of anomalous latent heating on the equator will force anomalous 
low-level easterly (westerly) winds to the east (west) of the convective anomaly. When 
these anomalous winds are superimposed on the climatological mean easterly flow, the 
resulting low-level winds will be stronger easterlies to the east and weaker easterlies or 
westerlies to the west of the heating. They then state that, because the evaporation is a 
function of the wind speed through the bulk aerodynamic formula, that the evaporation 
will be enhanced to the east of the heating and suppressed to the west, thereby enhancing 
convection to the east. They conclude that this evaporation-wind feedback mechanism 
is favorable for development of eastward-propagating modes. The results of the present 
observational study will show that the strongest anomalous winds actually occur after the 
convection begins to subside. 
The strength of the convection in the tropical Pacific has been found to be modulated 
by a variety of parameters. There remains debate over the role of sea surface temperatures 
(SST). Deser and Wallace (1990) found that the area of maximum convection, usually 
associated with the Intertropical Convergence Zone or South Pacific Convergence Zone 
(ITCZ/SPCZ), follows the highest positive SST anomalies and intensifies with increased 
SST anomalies. They also found high negative correlations between OLR and surface 
wind convergence. They concluded that large scale vapor flux convergence rather than 
enhanced local evaporation is the main source for water vapor for enhanced precipitation. 
These results support the findings of Khalsa (1983). In his study of the 1972-73 EI Nino 
data, he concluded that moisture convergence dominated over SST in determining the 
location of precipitation, despite the fact that monthly rainfall totals correlated equally 
9 
well with SST as with moisture convergence. By employing partial correlation analysis, he 
concluded that the correlations between SST and rainfall may be a result of the correlation 
between SST and surface winds and that the moisture convergence exerted the low-level 
control on rainfa.ll. 
Graham and Barnet (1987) analyzed SST, surface wind divergence and OLR and 
concluded that there is a critical temperature where convection is relatively unaffected by 
further increases in SST. Their results indicated that in regions with SST greater than 
27°C, the convective activity is dominated by low level moistUre convergence or some 
other remotely forced change in stability and/or vertical motion rather than SST. They 
also say that in a sma.ll range of temperatures either side of 27°C that the SST and OLR 
correlations were higher. 
Zhang (1991) investigated the correlations between SST and OLR (as proxy for deep 
convection) in terms of the total fields rather than anomalies. By using monthly and 
climatological means, he concluded that oceanic regions not directly influenced by land 
masses or large scale circulation features show good correlations between persistently warm 
SST and OLR. He stressed the need for SST's to be sustained above a critical temperature 
for a time scale of months in order for deep convection to occur. 
From these results one could infer that the MJO, which is believed to be convec-
tively driven, is also modulated by SST in some manner. Or at least that the convection 
associated with it is modulated by SST. 
Many studies have strived to describe the nature of convection, both in the tropics 
and the midlatitudes. If convection is an essential part of the MJO, then it is important 
to understand its characteristics. The problem again returns to data resolution. Our 
current observation network is unable to resolve the small-scale features within active 
convective towers. Even special observin~ programs, like GATE, have not a.llowed fine 
detailed analysis of individual convective elements whose lifespan is on the order of an 
hour. 
Thus, investigators have used the data from the large-scale environment to infer 
properties of the small-scale cumulus regime. Large-scale heat and moisture budgets are 
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one way of characterizing the convective activity. The location of maximum heating often 
will shed light on the intensity of the convective activity. Deep intense tropical convective 
towers will have a peak in heating at higher levels than shallow trade wind cumulus. 
Johnson (1984) gives a good summary of the tropical budget studies (his Table 1). As 
mentioned earlier, several authors have shown that the propagation speed of the modeled 
MJO is sensitive to the level of the peak in heating. 
Reed and Recker (1971) and Yanai et al. (1973) are among the first to investigate 
heat and moisture budgets over the tropical Pacific Ocean. Their results were very similar 
in that the maximum heating was found to be in the upper troposphere between 300-500 
mb. In both these studies convective disturbances in the Marshall Islands were analyzed. 
The former utilized composited data associated with 18 synoptic-scale disturbances during 
July-September 1967, while the latter used data from cloud clusters during the period 15 
April to 22 July 1956. 
More recently and more in line with the present study, Chen and Yen (1991) completed 
a study of the diabatic heating associated with the MJO using data from the National 
Meteorological Centers (NMC) Global Data Assimilation System (GDAS). Because the 
MJO is evident in the velocity potential field (X), they formulated a diagnostic relation 
between X and the diabatic heating. They used this relationship to examine the diabatic 
versus adiabatic heating contributions to the total X field. They found the first two eigen-
functions were in quadrature (! wavelength out of phase), which has been found to be a 
characteristic of the MJO. They then concluded that the diabatic heating is the dominant 
forcing mechanism of the MJ O. 
Vincent et al. (1991) used a ECMWF global analysis data set to compute precipita-
tion rates in the tropics using the Ql budget method of Yanai et al. (1973). They were 
able to produce monthly precipitation maps that were in good agreement with observa-
tions, despite using estimates of the sensible heating and radiation terms. 
In this study a compositing scheme based OLR analysis during the Northern Hemi-
sphere winter season (to be discussed in chapter 3) is applied to allow partitioning of the 
MJO into four phases: a convectively active phase, a convectively inactive phase and two 
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transition phases. Data from ECMWF and NMC (obtained from NCAR) are folded into 
this composite and analyzed. 
The first objective of this study is to document the kinematic and thermodynamic 
characteristics of the MJO over the equatorial western Pacific Ocean and to show the 
evolution of these fields with the approach and passage of the active phase. 
The second objective is to analyze the large-scale heat and moisture budgets asso-
ciated with the MJO. Observational studies are important in light of the sensitivity of 
models of the oscillation to the vertical distribution of heating. As with the first objec-
tive, emphasis will be placed on the changes that occur within the four phases of the 
oscillation and the differences between the warm SST years and the cold SST year. 
In both cases, horizontal and vertical cross-sections will be presented and compared 
to applicable previous studies. Also, a comparison between the results using the NMC and 
ECMWF data is done to allow some reliability estimates to be drawn. It is well known, 
however, that the analysis fields from the operational centers do not properly represent 
the tropical divergence fields (Kashahara et al. 1987). Results will be interpreted in light 
of the model differences in the tropics. 
Chapter 2 
BUDGET EQUATIONS AND COMPUTATIONAL METHODS 
2.1 Budget Equations 
It is widely accepted that organized cumulus convection has a great impact on the 
large scale circulation features within the atmosphere, both in the tropics and the mid-
latitudes. In a study using composited soundings from Darwin, Australia, and OLR data, 
Hendon and Liebmann (1990) showed that the onset of the Australian summer monsoon 
and the associated changes in the large scale circulation patterns could be attributed to 
the passage of the first convectively active MJO across northern Australia. However, due 
to the lack of sufficient conventional observations on a scale comparable to the scale of the 
convection, the detailed characteristics of the convection could not be obtained directly. 
This is especially true in the region of this study, namely the equatorial western Pacific 
Ocean, where observations are typically separated by several thousand kilometers. 
In order to gain insight into the effects of cumulus convection, researchers have typ-
ically resorted to an area-averaging scheme when computing heat and moisture budgets 
(e.g., Yanai et ale 1973). In this study time averaging is also used. By computing Ql 
(the apparent heat source) and Q2 (the apparent moisture sink) at each grid point in the 
domain and then applying the compositing scheme (to be discussed later), we hope to 
determine the large s~ale character of the heat and moisture budgets within the MJO. 
After the compositing scheme is accomplished, some additional area averaging over lat-
itudinal and longitudinal belts is done to determine the large-scale spatial variability of 
the oscillation. 
The equations for Ql and Q2, as derived by Yanai et ale (1973), are 
as - asw as'w' 




s = epT+ gz (2.3) 
is the dry static energy, q is the specific humidity, c is the rate of condensation, e is the 
rate of evaporation of cloud droplets and rain droplets, and Q R is the radiative heating 
rate. The primes indicate perturbations from the mean and the overbar is an area average 
From Eq. (2.1) it can be seen that Ql is the sum of the radiative heating/cooling, the 
net condensational latent heating, and the vertical convergence of the eddy transport of 
sensible heat. From Eq. (2.2), it can be seen that Q2 is the sum of the net condensational 
heating and the vertical divergence of the eddy moisture transport. 
2.2 Computational Methods 
In all the calculations, finite differences are used to calculate the horizontal and verti-
cal derivatives. This means, because the grid spacing is 2.50 , the averages were calculated 
centered on each grid over a horizontal area of approximately 555 x 555 km. 
Vertical velocity was available in ECMWF data set as provided at NCAR, but had 
to be calculated for the NMC data set. The kinematic method was used to calculate w 
with the method of adjustment described by Takayabu and Murakami (1991) applied in 
order to fix w at 100 mb to zero. 
Their equation is·' 
l
p
• (p - Ps) 
w(P) = Ws + p Ddp - w{l00mb) x (loo _ Ps) (2.4) 
where D is the horizontal divergence and Ws is at the vertical velocity at the surface (set 
equal to zero). The last term on the right hand side of Eq. (2.4) results in a linear 
correction to w. 
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The choice of 100 mb for the tropopa.use was made after examining the mean height 
of the tropopause from the study by Johnson (1986). In his analysis of the variation 
of the height of the tropopause over the MONEX area during December, he found the 
tropopause height varied from 80 to 100 mb. This was determined from sounding data 
launched from the AK. Korolov which was located near 4°N 111°E. This location is just 
west of the domain of this study, but is representative of the typical tropopause height in 
the equatorial western Pacific Ocean region. 
In the budget equation for Q2, Eq. (2.2), the mean specific humidity is used. Both 
data sets contained relative humidity rather than specific humidity and therefore q was 
calculated. The NMC data set contained virtual temperature instead of temperature 
(Jenne 1991) and because of the difficulty in reconstructing the temperature field, budget 
calculations were not done using the NMC data set. The saturation vapor pressure was 
calculated using the method described by Lowe and Ficke (1974). This method uses a 
polynomial formula involving temperature (OC) and seven constants. Their equation is 
(2.5) 
where the constants (ao-6) were calculated using a least-squared fitting procedure to the 
saturation vapor pressure versus temperature curves. The original intent of the procedure 
of Lowe and Ficke was to reduce the amount of computer time needed to calculate ea 
by using a polynomial expression rather than the typical exponential function in Tetens 
formula. The sixth order polynomial (2.5) yielded maximum percent errors of less than 
one percent for both ice and water phases. This procedure may have been more robust 
than was necessary given the data resolution, but the speed of the computations kept costs 
down. A -40°C threshold was used to differentiate between calculating with respect to 
water versus ice. 
Mixing ratio was then calculated using 




where e" p and RH are saturation vapor pressure, atmospheric pressure and relative 





It is often useful to examine anomaly fields rather than the total fields, especially 
those fields that show only small variations (eg., temperature and moisture). Typically 
anomalies are calculated by subtracting some long term annual mean. However, in this 
study we chose to calculate averages using only the data within the time of our analysis. 
We calculated means for the four month period (Nov-Feb) for each year and used these 
averages in computing anomalies of surface pressure, temperature and relative humidity. 
Chapter 3 
DATA AND COMPO SITING TECHNIQUE 
The purpose of this chapter is to deacribe the data sets used in this study and to 
explain the method used in compositing the data. 
3.1 Data Description 
3.1.1 Outgoing Longwave Radiation (OLR) 
The OLR data used in this study consists of daily-averaged radiation values in W m-2 
from NOAA polar-orbiting satellites on a 2.5°x2.5° latitude-longitude grid. The time 
period used was September to April for 1986-87 and 1987-88 and October to April for 
1988-89. The former were obtained from the Climate Applications Center (CAC) and 
consisted of a daily-average value for each grid point. The latter were retrieved from the 
National Center for Atmospheric Research (NCAR) Mass Storage System (MSS). The 
data from NCAR consisted of separate day and night values that were averaged together 
to yield a daily average. Missing data were not used in the averaging. 
3.1.2 European Center For Medium Range Weather Forecasts (ECMWF) 
A special ECMWF /TOGA global analysis data set was used in this study to describe 
the large scale environmental features in the tropical Pacific Ocean. This data set con-
sists of uninitialized twice-daily surface and upper-air grid-point fields. The surface fields 
include pressure, temperature, horizontal component winds at 10 m and temperature at 2 
m. The upper-air fields include geopotential, temperature, three-dimensional component 
winds and relative humidity at eleven standard pressure levels (1000, 850, 700, 500, 400, 
300, 250, 200, 150, 100 and 70 mb). The data was retrieved from the MSS at NCAR 
and was stored on a 2.5°x2.5° latitude-longitude grid like the OLR data. Trenberth and 
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Olson (1988) give a full description of the ECMWF global analysis process and a list of 
major changes that have occurred between 1980 and 1988. Some of the most significant 
changes occurred during and after 1985. They include additional satellite winds (Feb 
1985), substa.n:tial changes to physical parameterizations including clouds, convection and 
condensation (May 1985) and divergent structure functions in the mass and wind fields 
(Jan 1988). They also noted that the changes affected the divergent wind fields and asso-
ciated vertical motion and moisture fields the most. The last change will need to be kept 
in mind when referring to the results of this study. 
3.1.3 National Meteorological Center (NMC) 
In order to determine the reliability of the ECMWF composited data analysis and to 
document differences between the two centers, we have used a similar data set from the 
NMC global analysis. The hope is that if the results using data from the two centers are 
similar, they will be more believable. The NMC data set, like the ECMWF set, consists 
of surface and upper-air fields on a 2.50 x2.5° latitude-longitude grid. The surface fields 
include virtual temperature, pressure and horizontal wind components and the upper-air 
fields used include geopotential height, virtual temperature, horizontal wind components, 
and relative humidity at 12 standard pressure levels (same as ECMWF with the addition 
of 50 mb). The NMC data does not include vertical motion, therefore, it is computed 
from the derived divergence. 
3.2 Compositing Technique 
It has been common practice to use compositing techniques to ascertain the structure 
of various tropical phenomena, including the MJO. Knutson and Weickmann (1987) used 
composited OLR and NMC data to describe the life cycle of the 30-60 day oscillation and 
Deser and Wallace (1990) used composited sea surface temperatures (SST), sea-level pres-
sure, surface winds and OLR to examine the large scale atmospheric circulation features 
of warm and cold episodes in the tropical Pacific, just to name a few. 
In this study, a composite based on the amount or phase of convective activity asso-
ciated with the MJO is used. The intent is to try to isolate the large-scale characteristics 
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of the atmosphere associated with this global-scale phenomenon. Figure 3.1 shows the 
equatorial Pacific Ocean SST anomalies for Nmos 1-4 (four regional descriptions of the 
EI Nino, as defined by the Climate Analysis Center). From this figure it is clear that for 
Nino-4 (top curve), which includes the area between SON_50S and 160°E-1400W, the SST 
anomalies are positive from mid 1986 to the beginning of 1988. The peak anomaly occurs 
during the 1987-88 Northern Hemisphere winter season at a maximum of 1.4°C. 
However, by the classical definition of the EI Nino, which refers to regions Nino-1 and 
Nino-2, the winter of 1987-88 would have to be considered a transition between a warm 
and a cold event. We have decided not to use the classical definition of EI Nino and have 
categorized 1986-87 and 1987-88 as warm years and 1988-89 as a cold year in order to 
examine how the SST's modulate the oscillation. We feel this is acceptable because, as 
will be seen later, the results from 1986-87 and 1987-88 are very similar, presumably due 
to the similar SST's. 
Figure 3.2 shows the main area of interest for this study in the tropical Pacific Ocean, 
specifically the area bounded by 200N to 200S and 1400E to 180°. Special attention will 
be given to the area near and south of the equator due to seasonal considerations and in 
light of the upcoming TOGA COARE (WMO 1990) field experiment that will be taking 
place during the same months as in this study in the region indicated on the figure. 
A 1-2-3-2-1 filter was applied to the OLR data set in order to eliminate the shortest 
time period fluctuations and allow a smoother time-Iongiitde (Hovmoller) analysis. The 
seasonal and annual cycles were not removed from the data prior to the analysis because 
the time period is only four months. Again, missing data were not used in the averaging. 
The data between 5.00N and 5.00S were averaged together and then plotted in time-
longitude sections as 'shown in Figs. 3.3-3.5. The contour interval is 20 W m-2 and 
areas less than 200 W m-2 are cross-hatched. Migratory convection can easily be seen 
moving from west to east in all three figures. The areas of minimum (maximum) OLR are 
interpreted as the active (inactive) phase of the MJO and will become the basis for the 
compositing scheme. 
The compositing method consists of both subjective and objective analysis of the 
Hovmoller diagrams. The axes of maximum and minimum OLR were first determined 
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Figure 3.1: Equatorial Pacific Ocean sea surface temperature anomalies (OC) for the areas 
indicated at the bottom of the figure. Taken from Climate Diagnostics Bulletin, July 1991. 
Note for Nmo-4, November through February of 1986-87 and 1987-88 have positive SST 
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Figure 3.2: Map of the western Pacific Ocean showing the domain of this study and the 
domain of the 1992-93 TOGAjCOARE experiment {from the TOGAjCOARE Operations 
Plan 1992}. The outer region represents the domain of this study. The rectangular box 
indicates the COARE large-scale domain. The larger trapezoid is the outer sounding array 
(OSA) and the interior region is the intensive flux array (IFA). 
subjectively, taking care to use the entire 170 degree longitudinal extent of the da.ta. As is 
quite evident, the exact determination of these axes was difficult in some instances. This 
was especially true of the OLR maximum axes. Once this procedure was completed, the 
remaining areas between the axes were objectively partitioned into four equal divisions. 
These divisions were then paired into four OLR phases, increasing, maximum, decreasing, 
and minimum which. correspond to the opposite convective phases. That is, maximum 
OLR corresponds to minimum convection, etc. Figure 3.6 is a schematic describing the 
compositing technique. The solid line represents the amount of OLR and the dashed line 
is the corresponding convective activity. 
With the diagram divided into phases, the days that fit each phase for each longitude 
belt from 1 November to 28 February (29 in 1988) were determined. Using these dates, two 
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Figure 3.5: Same as Fig. 3.3, except October 1988 through Apri11989. 
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Figure 3.6: Schematic describing the compositing technique. The solid curve represents the 
idealized outgoing longwave radiation and the dashed curve represents the corresponding 
convective activity. The regions between the dashed vertical lines represent the four phases 
of the composite. 
daily values, the number of days (Nov-Feb) is essentially half the number of observations 
for each phase of the composite. Thus the total number of observations ranged from 228 to 
242. The period between November 2 and November 81986 was not used in the composite 
for the NMC data due to erroneous data during those days. A complete list of days used 
in each phase category for each year is presented in Tables A.1-A.3 in the appendix. 
The next step was to apply the composite days to each data field by averaging together 
all the data that fit a particular category for a specific grid point. Hence, for example, 
at a given grid point, say 5.00 S and 155.00 E, all the data for days fitting the maximum 
convection phase are averaged together. This process is repeated for the entire grid at 
each level. This compositing method enabled us to examine the north-south structure 
at a given longitude o!, by combining the data at all longitudes, to examine the average 
meridional characteristics. 
In order to better examine the east-west structure of the atmosphere as the convection 
propagated across the western and central Pacific Ocean, a slightly different compositing 
procedure was used. The convective phases at five longitudinal points were used as the 
basis for five separate composites. For example, the composite based on the phase of 
convection at 1600 E was constructed by averaging data at each grid point with other data 
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at that same grid point based on the days that fit each phase of convection at 160oE. 
This was done every ten degrees of longitude beginning at the left edge of the domain. 
This composite allowed us to examine the changes in the atmosphere associated with the 
approach and passage of maximum convective activity and to observe changes within the 
oscillation as it moved across the western and central Pacific Ocean. 
Chapter 4 
OUTGOING LONGWAVE RADIATION (OLR) ANALYSIS 
4.1 Time-Longitude Diagrams 
As discussed in chapter 3, the daily OLR data were subjected to a 1-2-3-2-1 filter, 
averaged between 5.00 N and 5.00 S and then displayed in time-longitude diagrams in order 
to determine the four convective phases of the MJO (Figs. 3.3-3.5). These phases were 
then used in the compositing technique. The contour interval is 20 W m-2 and values less 
than or equal to 200 W m-2 are cross-hatched. The eastward propagation of convection 
(low OLR values) can easily be seen following the cross hatched regions. 
Some interannual similarities can be seen in Figs. 3.3-3.5. There appears to be a 
fairly consistent longitude where deep convection initiates. In each of the three years the 
minimum in OLR begins near 900 E and propagates eastward. This location is similar to 
what was presented in the original schematic of the MJO by Madden and Julian (1972). 
The reason for this preferred location is not clear from our analysis, yet SST analysis 
yields a possible explanation. Close inspection of SST's in the region near 900 E (Figs. 
4.1a-c) indicates a tongue of SST ~ 29°C extending west of the Sumatra during two of 
the three analysis periods. In Figs. 4.180 and 4.1b, which are December-January-February 
averages for 1986-87 and 1987-88 respectively, the dashed line shows that the 29°C contour 
extends to near the point where the convection initiates. A similar 3-month average was 
unavailable for 1988-89, so Fig. 4.lc is the analysis for January 1989. This figure does 
not show this tongue of warm water, but December 1988 (not shown) does. This is, in all 
likelihood, not the only explanation, but it is no doubt a possible contributing factor. 
It is interesting to note that the propagation signal in OLR is most evident in the 
EI Nino years. However, recall from Fig. 3.1 that the sea surface temperature anomalies 
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of 4-6 m s-1 and velocity potential speeds of nearly 10 m s-1 . The corresponding period 
for these 4-6 m s-1 phase speeds are 116-77 days, while that for the velocity potential 
is 46 days. We calculated phase speeds from the time-longitude diagrams in two ways. 
First the number of days between the axes of minimum OLR was extracted from Figs. 
3.3-3.5 for every ten degrees of longitude between 1400E to the International Dateline. 
This was interpreted as the time it took the wave to complete on revolution around the 
globe at equator. The speed was determined using a mean equatorial radius of 6378 km. 
The second method again used the axis of minimum OLR, but only the cross hatched 
region was used. The slope of the axis was used to determine the speed by using the 
number of days divided by the corresponding longitudinal distance traveled. Table 4.1 
shows the phase speed computed using the second method for each of the waves used 
in the composite analysis. Note the broad range of values, even within the same year. 
Note also that the average speed in the two years with positive SST anomalies are slightly 
faster than the year with negativ~ anomalies. However, it should be kept in mind that 
the sample size used to calculate these averages is very small and therefore, the results 
are not statistically significant. Nonetheless, these results are consistent with the results 
of numerical simulations of the MJO (e.g., Chang and Lim 1988; Lau et aI. 1989; Sui 
and Lau 1989) in that when the maximum heating is in the upper troposphere (above 500 
mb), as it would be expected in the warm SST years and is confirmed later in this study, 
the phase speed is faster. 
Table 4.1: Translation Speed (m s-1 ) 
Year Wave 1 Wave 2 Wave 3 Average 
1986-87 5.6 5.7 5.1 5.5 
1987-88 8.3 4.4 4.1 5.6 
1988-89 4.1 5.7 4.3 4.7 
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Figure 3.6: Schematic describing the compositing technique. The solid curve represents the 
idealized outgoing longwave radiation and the dashed curve represents the corresponding 
convective activity. The regions between the dashed vertical lines represent the four phases 
of the composite. 
daily values, the number of days (Nov-Feb) is essentially half the number of observations 
for each phase of the composite. Thus the total number of observations ranged from 228 to 
242. The period between November 2 and November 81986 was not used in the composite 
for the NMC data due to erroneous data during those days. A complete list of days used 
in each phase category for each year is presented in Tables A.I-A.3 in the appendix. 
The next step was to apply the composite days to each data field by averaging together 
all the data that fit a particular category for a specific grid point. Hence, for example, 
at a given grid point, say 5.00 S and 155.00 E, all the data for days fitting the maximum 
convection phase are avera.ged together. This process is repeated for the entire grid at 
each level. This compositing method enabled us to examine the north-south structure 
at a given longitude o!, by combining the data at all longitudes, to examine the average 
meridional characteristics. 
In order to better examine the east-west structure of the atmosphere as the convection 
propagated across the western and central Pacific Ocean, a slightly different compositing 
procedure was used. The convective phases at five longitudinal points were used as the 
basis for five separate composites. For example, the composite based on the phase of 
convection at 1600 E was constructed by averaging data at each grid point with other data 
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at that same grid point based on the days that fit each phase of convection at 160oE. 
This was done every ten degrees of longitude beginning at the left edge of the domain. 
This composite allowed us to examine the changes in the atmosphere associated with the 
approach and passage of maximum convective activity and to observe changes within the 
oscillation as it moved across the western and central Pacific Ocean. 
Chapter 4 
OUTGOING LONGWAVE RADIATION (OLR) ANALYSIS 
4.1 Time-Longitude Diagrams 
As discussed in chapter 3, the daily OLR data were subjected to a 1-2-3-2-1 filter, 
averaged between 5.00 N and 5.00 S and then displayed in time-longitude diagrams in order 
to determine the four convective phases of the MJO (Figs. 3.3-3.5). These phases were 
then used in the compositing technique. The contour interval is 20 W m-2 and values less 
than or equal to 200 W m-2 are cross-hatched. The eastward propagation of convection 
(low OLR values) can easily be seen following the cross hatched regions. 
Some interannual similarities can be seen in Figs. 3.3-3.5. There appears to be a 
fairly consistent longitude where deep convection initiates. In each of the three years the 
minimum in OLR begins near 900 E and propagates eastward. This location is similar to 
what was presented in the original schematic of the MJO by Madden and Julian (1972). 
The reason for this preferred location is not clear from our analysis, yet SST analysis 
yields a possible explanation. Close inspection of SST's in the region near 900 E (Figs. 
4.1a-c) indicates a tongue of SST ~ 29°C extending west of the Sumatra during two of 
the three analysis periods. In Figs. 4.1a and 4.1b, which are December-January-February 
averages for 1986-87 and 1987-88 respectively, the dashed line shows that the 29°C contour 
extends to near the point where the convection initiates. A similar 3-month average was 
unavailable for 1988-89, so Fig. 4.1c is the analysis for January 1989. This figure does 
not show this tongue of warm water, but December 1988 (not shown) does. This is, in all 
likelihood, not the only explanation, but it is no doubt a possible contributing factor. 
It is interesting to note that the propagation signal in OLR is most evident in the 
EI Nino years. However, recall from Fig. 3.1 that the sea surface temperature anomalies 
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in the Niiio-4 region (between 1600E and 1500W) are positive during the years that the 
OLR propagation can most readily be seen. Also noteworthy is that the propagation is 
most coherent during the warm events. The warm sea surface temperatures are believed 
to be instrumental in maintaining the convection. Close inspection of the regions of 
minimum OLR indicates the convection is most intense during these same years. This is 
seen by the number of contours within the shaded regions. Values of OLR are typically 
between 180-200 W m-2. During 1986-87 and 1987-88 there are more areas that have 
OLR values less than 180 W m-2 than in 1988-89. This is consistent with the findings of 
Liebmann and Hartmann (1982). Oeser and Wallace (1990) also showed the convection 
within the Intertropical Convergence Zone (ITCZ) is more intense during an EI Niiio event 
than during a La Niiia event. However, it should be kept in mind that these Hovmoller 
diagrams were constructed using OLR values averaged between 5.00N and 5.00S, so that 
convection outside this equatorial belt was not sampled. 
Some obvious inter-annual differences can also be seen. The most distinct difference 
is the distance the deep convection travels. Low OLR values extend to 1500W during 
1986-87, to 1700W in 1987-88 and only to 1600 E in 1988-89. However, because these 
Hovmoller diagrams were created using OLR data averaged between 5.00 N and 5.00 S, it is 
possible that the propagation during 1988-89 shifted south of this latitude belt. Knutson 
and Weickmann (1987) used a six year record of OLR to examine the composite life cycles 
of convection and found that during the Northern Hemisphere winter (defined by them 
as November to April) the convection did not penetrate east of 1500 W. This is consistent 
with the eastern extent of convection in our study for the years when SST anomalies are 
positive in Niiio-4. 
It has been well documented that the OLR signal propagates at a somewhat slower 
speed than that of other parameters, like zonal winds. Lau and Chan (1985) found the 
OLR phase speed to be approximately 4-5 m s-1 in their 1974-83 analysis, while Knutson 
and Weidemann (1987) found a characteristic speed of 3-6 m s-1 for the years 1979-84. 
In a 1981-82 case study of the shift of convection from the Indian Ocean to the western 
Pacific Ocean, Weickmann and Khalsa (1990) documented convective propagation speeds 
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of 4-6 m s-1 and velocity potential speeds of nearly 10 m s-1 . The corresponding period 
for these 4-6 m s-1 phase speeds are 116-77 days, while that for the velocity potential 
is 46 days. We calculated phase speeds from the time-longitude diagrams in two ways. 
First the number of days between the axes of minimum OLR was extracted from Figs. 
3.3-3.5 for every ten degrees of longitude between 1400E to the International Dateline. 
This was interpreted as the time it took the wave to complete on revolution around the 
globe at equator. The speed was determined using a mean equatorial radius of 6378 km. 
The second method again used the axis of minimum OLR, but only the cross hatched 
region was used. The slope of the axis was used to determine the speed by using the 
number of days divided by the corresponding longitudinal distance traveled. Table 4.1 
shows the phase speed computed using the second method for each of the waves used 
in the composite analysis. Note the broad range of values, even within the same year. 
Note also that the average speed in the two years with positive SST anomalies are slightly 
faster than the year with negative anomalies. However, it should be kept in mind that 
the sample size used to calculate these averages is very small and therefore, the results 
are not statistically significant. Nonetheless, these results are consistent with the results 
of numerical simulations of the MJO (e.g., Chang and Lim 1988; Lau et al. 1989; Sui 
and Lau 1989) in that when the maximum heating is in the upper troposphere (above 500 
mb), as it would be expected in the warm SST years and is confirmed later in this study, 
the phase speed is faster. 
Table 4.1: Translation Speed (m s-1 ) 
Year Wave 1 Wave 2 Wave 3 Average 
1986-87 5.6 5.7 5.1 5.5 
1987-88 8.3 4.4 4.1 5.6 
1988-89 4.1 5.7 4.3 4.7 
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4.2 Composited OLR 
The variation in convective activity from year to year can also be seen in the com-
posited OLR data. Figures 4.2-4.4 show the latitudinal and longitudinal changes of the 
OLR for each phase of the oscillation after applying the composite based on the phase at 
160oE. It is clearly evident that the distribution of convection is very different during the 
EI Nino years verses the La Nina year. However, the eastward propagation that was seen 
in the Hovmoller diagrams (Figs. 3.3-3.5) is evident in the composited OLR in all three 
years. 
The two warm anomaly years are quite similar with convection centered near the 
equator and extending to the dateline with very little slope indicated. In contrast, in 
1988-89 the convection has moved nearly ten degrees to the south, especially during the 
minimum (maximum) OLR (convection) phase. Also, there is a very distinct slope from the 
northwest to the southeast corresponding to the location of the South Pacific Convergence 
Zone (SPCZ). This is consistent with the findings of Deser and Wallace (1990) who showed 
that during EI Nino events the convection shifts eastward and moves closer to the equator 
following the warm SSTs and the equatorial dry zone shrinks in size and during La Nina 
events the convection moves off the equator and the equatorial dry zone expands. 
Another feature seen in the composited OLR is the location of the Northern Hemi-
sphere subtropical ridge. During the warm years the convection is closer to the equator 
and the subtropical ridge, indicated by the highest values of OLR, is located north of 
20.0oN. In contrast, the ridge axis is clearly located between I5.0oN and 20.0oN during 
the cold year of 1988-89. The convection is believed to have changed the location of the 
Hadley circulation and .. the position of the subtropical high. 
Also evident in the warm year of 1987-88 is a meridional shift of the subtropical 
ridge with the change of the phase of the MJO. The highest OLR values reach their most 
southern extent during the minimum convection phase and then retreats northward as 
the convective activity increases. A similar trend is apparent in 1986-87, but not nearly 
as obvious. The difference in the latter year may be due to the fact that there is more 
convection north of the equator during this year, thereby causing the subtropical ridge 
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to be slightly farther north. Thus, a shift in the position may be occurring north of the 
analysis domain. 
Examination of the maximum convection phase (minimum OLR) analyses shown in 
Figs. 4.2b, 4.3b and 4.4b, indicate there is generally good agreement with the intensity 
results of Liebmann and Hartmann (1982) and Deser and Wallace (1990) discussed earlier. 
The convection appears more intense during the warm years. It is also evident that the 
areal coverage of convection appears to be largest during the warm years, as evident in a 
comparison of the amount of cross hatched area for the three years. 
Chapter 5 
COMPOSITE KINEMATIC AND THERMODYNAMIC FIELDS 
The purpose of this chapter is to show the variations of kinematic and thermodynamic 
fields with respect tci the phase of the MJO. The primary flow features of the MJO are best 
seen in the zonal wind component, but the meridional component is also presented. In 
addition, the divergence and vertical motion fields are also examined. The kinematic fields 
will be presented as total fields and surface pressure, temperature and relative humidity 
will be presented in the form of anomalies. 
5.1 Kinematic Fields 
5.1.1 Zonal Winds 
In order to describe the character of the zonal winds associated with the MJO, a 
vertical profile of the u-component is presented in a pressure versus convective phase 
diagram. In this diagram, the phases are positioned in such a way that the true west-to-
east structure of the MJO can be visualized. An average of all longitudes (1400E-1800) 
was computed for each latitude. The results between the equator and 10.00S are very 
similar, so only those at 5.00 S are presented in Fig. 5.1. 
Some interesting similarities exist in all three years of the analysis. In each year there 
are low-level westerly wind maxima to the west of the maximum deep convection (during 
the decreasing convection phase). This result is consistent with the hierarchy structure 
of intraseasonal oscillations described by Lau et al. (1989) (see Fig. 1.2). However, 
the character of the westerly wind maximum during the cold year, 1988-89, is strikingly 
different from that in the two warm years. 
In 1988-89, the westerly winds never quite reach the surface during any of the four 
convective phases. This does not mean that there are never westerly winds at the surface 
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during this La Nina year, but that in the average over the region between 1400 E and 1800 , 
surface easterlies dominate. It also appears that the peak in the westerlies is at a higher 
level during the cold year. The maximum for the two warm years is between 850 mb and 
700 mb and it is closer to 650 mb for the cold year. This is evident in the composites 
done with both the ECMWF and NMC data (Fig. 5.2). For the most part there is good 
agreement between the two data sets, the only exception being the magnitudes of the 
winds are larger in the ECMWF composite. The overall patterns are very similar. 
The fact that the maximum westerlies lag the maximum convective activity is an 
interesting finding. Numaguti and Hayashi (1991) discuss three theoretical concepts of 
interaction of cumulus convection and the large-scale circulations. One theory of the 
mechanism for the MJO is frictional Convective Instability of the Second Kind (frictional 
CISK). In this theory a disturbance is maintained by the intensification of convection 
caused by frictionally induced moisture convergence in the planetary boundary layer. 
Wang (1988) argued that friction in the planetary boundary layer dissipates kinetic energy, 
but also generates eddy potential energy through moisture convergence. It is theorized that 
when the moisture convergence becomes larger than the frictional dissipation, the longest 
waves will become unstable and amplify which would lead to atmospheric oscillations with 
a period near the MJO. A second theory is the wave-CISK theory, which states that a 
disturbance is maintained through intensification of convection enhanced by the vertical 
motions associated with the wave. Lau et aI. (1989) argue in favor of this theory. A 
third theory is the evaporation-wind feedback mechanism. In this theory the disturbance 
is maintained by the evaporation of moisture from the surface which is a function of wind 
speed by the bulk aer?dynamic formula. Neelin et aI. (1987) argue in favor of this theory. 
The phase results presented here could support both the frictional-CISK and the wave-
CISK theories. These results do not support the third theory because the evaporation-wind 
feedback mechanism would require enhanced low-level flow prior to the enhancement of 
the convective activity. It should be mentioned that the maximum low-level convergence 




Another obvious similarity between the three years is the phase reversal of the wind 
with height. In all years there are westerlies in the low-levels with easterlies in the upper-
levels. This is consistent with the observational studies by Madden and Julian (1971) 
and later by Madden (1986). However, the results of Madden and Julian (1971), using 
sounding data from Canton Island (3°8 172°W), indicated there is an abrupt reversal in 
the winds between 500 mb and 600 mb. Figure 5.1 indicates the transition from westerlies 
to easterlies during the decreasing convective phase when the westerlies are maximum, 
occurs between 300-400 mb during the warm years and between 400-500 mb for the cold 
year. Also, the transition does not appear to be abrupt. The difference in the abruptness 
of the phase reversal could be due to the fact that Canton Island is located to the east 
of the domain of this study or it could be a result of the averaging over many longitudes 
that has been done in this study. Again these results are consistent in the two data sets. 
While easterlies are present at upper-levels in each of the three years, the structure is 
different during the La Nina year. The first difference that is evident is the narrow easterly 
core in the upper-levels and the double jet pattern apparent during 1988-89. Both data 
sets show a weaker easterly jet core (8 m s-l versus 12-15 m s-l in the El Nino years) 
that is restricted between the maximum and decreasing convective phases during this cold 
year. This narrow core of easterlies is in contrast to the rather broad area of easterlies 
in the EI Nino years. In fact, there are weak westerlies between 200-250 mb during the 
minimum convective phase in the La Nina year. 
The regional variation of zonal winds are best seen using latitude versus longitude 
diagrams at a specific pressure level. The composite based on the convective activity at 
1600 E was used to construct Figs. 5.3-5.5 and applies to all of the following discussions of 
regional variability. 
At the low-levels, the most striking feature is the existence of westerly winds in the 
regions of greatest convective activity. The location of the westerlies is coincident with 
the regions of the lowest OLR values (strongest convective activity) shown in Figs. 4.2-4.4 
and the orientation of the axes of the westerlies are also very similar to the orientation 





just south of the equator during the warm years, shift more than 100 south in the cold 
year. These features are evident at both 1000 mb and 850 mb. The strongest westerly 
winds occur at 850 mb and are evident during all three years of the analysis and in each 
of the two data sets. 
In comparing the four different phases of the oscillation, one can see again that in 
the low-levels the maximum westerlies occur during the decreasing convective phase Gust 
west of the peak in convection in the MJO) and the minimum westerlies or maximum 
easterlies winds occur during the increasing convective phase. Thus it appears that the 
peak westerly winds lag the convection. This lag is apparent in each of the three years and 
also occurs in each of the data sets. As with the maximum westerlies, the time lag is most 
evident at 850 mb (shown in Figs. 5.3-5.5). As was mentioned earlier, the convergence is 
found to lead the maximum convective phase (to be discussed later). 
Farther to the north, the main core of the low-level easterlies remains in the typical 
climatological location between 10.00-20.00N during all phases and during all three years. 
One noticeable difference between the warm years and the cold year is that the easterly 
trades expand southward to the equator during the cold year, especially in the eastern 
portion of the domain near the International Dateline, where they reach as far as 1O.00 S. 
This occurs during all four phases of the oscillation. During the warm years the equatorial 
region is dominated by westerlies for all phases except the increasing convection phase 
during 1987-88. Even in this case, the equatorial easterlies only reach to about 1600 E and 
are very weak (5 2m s-1 ). 
At the upper-levels (Figs. 5.6-5.8), the gross features of the How during the two EI 
Nino years have a similar pattern. The main easterly jet core is centered at the equator 
and extends across the entire domain. This jet is due to the convergence of the equatorial 
edges of the Northern and Southern Hemisphere subtropical ridges. The axes of these 
anticyclonic circulations are indicated by the zero contour line, where there is a shift from 
easterlies to westerlies. 
However, there are two differences apparent between the EI Nino years of 1986-87 





1986-87. Second, the speeds within the core of the easterlies are higher during the same 
year. This trend is also apparent in the NMC composite (not shown). This would suggest 
that the subtropical ridges were somewhat weaker and displaced westward during 1987-88. 
Inspection of the 1988-89 composite (Fig. 5.8) indicates that this trend continued in the 
La Niiia year, where it is seen that the equatorial easterlies do not extend as far eastward. 
During all but the decreasing convective phase there are westerlies east of 1700E. 
Again, the patterns at 100 mb are very similar in the ECMWF and NMC data sets. 
However, the differences in the magnitude of the winds that were noticed at 850 mb are 
larger at 100 mb. The ECMWF composite shows easterlies 4-8 m s-1 stronger than the 
NMC composite at 100 mb, but a comparison of the ECMWF composite at 100 mb and 
the NMC composite at 150 mb reveals that the easterlies are within 1-2 m s-1 of each 
other. Thus, it appears that NMC has the core of the easterlies at a slightly lower altitude 
than the ECMWF. This might be related to the level that upper-level cloud-drift winds 
are assigned in each model analysis routine. 
In order to examine latitudinal variations of the MJO, north-south vertical cross-
sections are presented. Figures 5.9-5.11 were constructed using values at all longitudes 
from 1400E to 180° averaged together. Similar results are obtained with the NMC data 
set and therefore are not shown. 
During the warm years, there are low-level westerlies centered between the equator 
and 10.0°8 for all convective phases, except the increasing convection phase during 1987-
88. These low-level westerlies underlay upper-level easterlies which are centered mainly 
between the equator and S.OoN. Thus, there appears to be a south to north tilt with height 
as well as a phase reversal. There is one main core of upper-level easterlies at about 100 mb 
near the equator and a weaker center of easterlies between 1000-500 mb located between 
5.D-1S.00N. These low-level easterlies are commonly referred to the easterly trade winds. 
There are no obvious MJO modulation on the trade winds. The magnitude and orientation 
remains fairly consistent throughout all phases. 
During the cold year (Fig. 5.11), there are significant differences. The most obvious 





smooth and ordered, but in 1988~89, the pattern becomes much more disorganized. This 
is especially true during the minimum convective phase. The main core of upper~level 
easterlies that was centered over the equator during the two warm years appears to have 
split into two separate weaker cells and moved away from the equator. One of the cells is 
located near lO.OON and the other near 15.0°8. 
The phase reversal, that is upper tropospheric easterlies over lower tropospheric west~ 
erlies, is still evident, but the slope that was noted during the warm years is not obvious. 
The low~level westerlies have shifted poleward to beyond 10.0°8 and have weakened. The 
westerlies at 700 mb continue to extend from the equator to the southern extreme of the 
domain, but from the surface to 850 mb the easterlies have penetrated across the equator 
to about 5.0°8. 
In all four phases, the core of the low~level westerly winds can be seen to shift away 
from the equator from the warm years to the cold year. In 1986-87 during the decreasing 
convective phase the core of westerlies is centered near 2.5°8, during 1987-88 it shifts 
to 5.00 S and by 1988-89 it has shifted to 12.5°8. This is consistent with the shifting of 
convection away from the equator during the La Nina year seen in Figs. 4.2-4.4. 
Some interesting variations in the MJO composite are apparent in the zonal direction 
also. Figures 5.12~5.14 are east-west vertical cross-sections using the ECMWF composited 
data based on the phase of convective activity at 1600 E. These figures are were constructed 
using average values between the equator and 10.00S. 
The low-level westerlies discussed earlier reach maximum strength during the de-
creasing convection phase of the MJO and reach minimum strength during the increasing 
convection phase (Figs. 5.12-5.14). The westerlies also have a larger areal extent during 
the warm EI Niiio years versus the cold La Niiia year. It is interesting to note that the 
magnitude of the maximum westerly winds during the decreasing convection phase are 
within 2.0 m s-l of each other in all three years. 
During 1986-87, low-level westerlies occur over the entire domain during all four 
phases of convective activity. It appears that the core of the westerlies begins to develop at 





during the decreasing convection phase and then shift eastward again and begin to weaken 
during the minimum convection phase. However, this propagation is not evident during 
1987-88 nor 1988-89. In fact, the low-level westerly winds only occur across the entire 
domain during the maximum and decreasing phases of convective activity during 1987-88. 
In the other two phases the eastern portion of the domain, east of 160c E, easterly winds 
occur. There also appears to be more modulation in 1987-88. For example, the change in 
magnitude of maximum westerlies between the decreasing and minimum convection phase 
in 1986-87 is about 2.0 m s-1 , while in 1987-88 it is about 6.5 m s-1 . 
As we move on to the La Nina year, 1988-89, the low-level westerlies are restricted 
to the western half of the domain for all convective phases, especially at the surface. Only 
during the decreasing convection phase, when the westerlies are strongest, does the main 
core extent east of 160oE. 
Significant differences between the composite using ECMWF data and NMC data are 
seen in the lowest levels of the atmosphere (not shown, but the differences are indicated 
in Figs. 5.1 and 5.2). First, during the warm event years there are westerlies at the 
1000 rob level over some portion of the domain during each phase of the oscillation in the 
ECMWF composite analysis. However, the NMC composite analysis shows no westerlies 
during the increasing convective phase in both 1986-87 and 1987-88 and no westerlies 
during the minimum convective phase during 1987-88. Second, there appears to be an 
abrupt increase in westerlies between phases of convective activity in the NMC composite. 
In 1986-87, during the increasing convective phase, weak easterlies exist from 1400E to 
the International Dateline. By the time the convection has maximized, virtually all the 
easterlies have been replaced by westerlies of at least 4.0 m s-1 . The same thing occurs 
during 1987-88, but initial onset of westerlies is somewhat slower. The ECMWF composite 
analysis shows a much more gradual increase in the westerlies as the convection approaches, 
reaches and passes maximum in~ensity. There is no clear explanation for these differences. 
In the two EI Nifio years at the upper-levels, there appears to be a systematic east-
ward expansion of the main easterlies during and after the maximum convection has been 
realized followed by a retreat westward as the convection weakens. This signal is somewhat 
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evident in the NMC composite analysis, more so during 1986-87 than 1987-88. During the 
cold year (Fig. 5.14), the easterlies aloft do not occur over the complete domain for every 
phase of the oscillation and therefore, the eastward expansion is not seen. The main area 
of easterlies is restricted west of 1600 E and they are significantly weaker than during the 
warm years. 
There is also a noticeable change in the eastward extent of the core of the upper 
tropospheric easterlies. In 1986-87, during the decreasing convective phase, the easterlies 
are at their maximum intensity of 18 m s-1 between 160o-165°E. There are winds of 12.0 
m s-1 across the entire domain. In 1987-88, for the same convective phase, there are 
dual maxima of 15.6 m s-1 and 14.4 m s-1 located between 145°-150o E and 160o-165°E, 
respectively. However, the 12.0 m s-1 region has shifted westward and is much smaller in 
coverage. By 1988-89, there are not any discernible maxima and the 12.0 m s-1 region 
is restricted to the area west of 150oE. The same arguments can be made to the NMC 
composited east-west cross-sections using an 8.0 m s-1 threshold. 
To summarize this section, the low-level westerly wind maxima were found to lag 
the maximum convection by a quarter phase. That is, the maximum low-level westerlies 
occur during the decreasing convective phase of the composite (to the west of the deep 
convection) as shown in Fig. 5.1. The latitude versus longitude diagrams revealed that the 
low-level westerly winds are coincident with the minimum OLR and that the orientation 
of the axes of maximum westerlies are very similar to the orientation of the axes of min-
imum OLR or maximum convective activity. The upper-level easterlies were found to be 
strongest and to have the farthest eastward extent during 1986-87 and retreated westward 
in the following years. The north-south vertical cross-sections showed the migration of the 
lower tropospheric westerlies away from the equator from 1986-87 through 1988-89. Also 
evident is a distinct phase reversal with height such that there are upper-level easterlies 
over low-level westerlies with a south to north tilt, especially during the warm years. The 
east-west vertical cross-sections showed a systematic expansion of the core of the upper 
tropospheric easterly winds with the changes in convective activity. The strongest easterly 
flow occurred during the decreasing convective phase and as the convection continued to 
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decrease, reach a minimum and began to increase again, the core of the winds decreased 
in intensity and in areal coverage. Also, there was a distinct decrease in the intensity 
and coverage of upper tropospheric easterlies from 1986-87 to 1988-89. Overall, there was 
good agreement in the u-component composite analysis between the ECMWF and NMC 
data. Two notable exceptions are that the upper tropospheric equatorial easterlies are 
slightly weaker and at a lower level in the NMC composite and the lack of westerly winds 
at 1000 mb during all phases of the MJO in the NMC composite. 
5.1.2 Meridional Winds 
If the MJO were a pure Kelvin wave and the analysis technique employed here isolated 
only the MJO contribution to the flow, there should not be any meridional component. 
However, while the v-component signal is much weaker and a little less organized than 
the u-component, there are still some interesting features that are revealed by the merid-
ional wind composite. The most prominent of these features are likely associated with 
convection within the MJO. 
As was done in the previous section, vertical profiles of the v-component are examined 
in pressure versus convective phase diagrams first. Unlike the zonal wind analysis, there 
is a large latitudinal variation in the meridional winds, both within a particular winter 
season and between the three winter composites (see Fig. 5.15 at 5.00N and Fig. 5.16 at 
5.00S). These latitudinal differences are mainly evident in the upper troposphere. In fact, 
the lowest levels, below 700 mb, appear to be very similar from 20.00N to 5.00S. At each 
of the latitudes within this band, the meridional winds averaged over all longitudes are 
weak and northerly as seen at 5.00N and 5.00S in Figs. 5.15 and 5.16. The speeds range 
from 1-3 m s-1 . South of 5.00S (not shown), low-level southerly winds begin to occur 
during the minimum and increasing convective phases during the EI Nino years, but not 
during the La Nina year. In 1988-89, northerly winds prevail to 15.00S during all four 
convective phases. 
The largest variability is seen in the upper troposphere. During the two EI Nino 
years, southerly winds occur above 250 mb for all phases of convective activity at 5.00N 




the maximum convective phase. In contrast, during the La Niiia year when the convection 
has moved away from the equator, the core of the upper-level southerly winds occur during 
the minimum convective phases and a maximum in northerly winds appears near the 300-
400 mb level during the maximum convective phase. It is believed that outflow from 
the convective activity centered just south of the equator during the EI Nino years is 
responsible for the core of southerlies. This makes physical sense because during the La 
Nina year, the convection is much farther south and therefore the meridional outflow 
would not extend as far north. In fact, examination of the 2.5°N and O.ooN pressure 
versus phase diagrams for 1988-89 (not shown) indicate that the core of southerly wind is 
most evident and much stronger at more southern latitudes. 
The trend of stronger upper-level southerlies farther to the south in the cold year is 
also evident in Fig. 5.16, which shows a core of southerly winds occurring near 200 mb 
during the maximum convective phase at 5.0°8 during 1988-89. 8peeds in the core are 
greater than 5.0 m s-1 . Also evident in Fig 5.16 is a significant shrinking and weakening 
of the southerlies during the EI Nino years. The southerly winds no longer encompass all 
four convective phases. In fact, south of 5.0°8 (not shown), there is a reversal such that 
upper-level northerly winds prevail. This would indicate that the outflow associated with 
the convective activity is centered between 2.5°8 and 5.0°8 during these EI Nino years. 
The latitude versus longitude diagrams of the v-component based on the phase at 
1600 E (Figs. 5.17-5.19) are much noisier than the same analyses for the u-component. 
However, there appears to be some phase-dependent and interannual variations worth 
mentioning. 
At 850 mb, the maxima in southerly winds occur south of the convective activity 
during the decreasing convection phase in the EI Niiio years (Figs. 5.17 and 5.18), which 
is the same phase that the maxima in low-level westerlies occur. This is not true during 
the La Nina year of 1988-89 (Fig. 5.19). In the cold year the southerly winds are confined 
to the southwestern corner of the domain, south of 10.0°8 and west of 1600 E. 
A feature that is most evident in the La Nina year is revealed by comparing Fig 5.5 





southerly winds in Fig 5.19 closely matches the axes of maximum westerlies in Fig. 5.5 
for all phases of convection. This is marginally visible in comparing Figs. 5.4 and 5.18 
and not readily apparent in Figs 5.3 and 5.17. Thus, it is apparent that the v-component 
plays a larger· role in the convective activity during the La Nina year than the two EI 
Nino years. The importance of the meridional wind is verified when the orientation of 
the axes of implied low-level convergence of the meridional wind (~) during the cold year 
(the region of strongest v gradient) is compared to the OLR axes in Fig. 4.4. These axes 
are nearly coincident. 
The MJO signal in the latitude versus longitude analyses at the upper-levels is almost 
non-existent (not shown). The only obvious similarity between the two EI Nino years is the 
maxima in southerly winds again occur during the decreasing convection phase and that 
the implied upper-level meridional divergence. is maximized over the convection during 
the maximum and decreasing convective phases (not shown, but to be discussed later). 
During the La Nina year, there is no evidence of this trend, possibly due to the convection 
being near the southern edge of the domain. The NMC composite results are similar to 
these found using the ECMWF. 
The meridional variations of the v-component are examined in figures 5.20-5.22. These 
pressure versus latitude diagrams were generated using the ECMWF composite and rep-
resent an average of all longitudes between 1400E and 180°. 
One of the most apparent differences between the EI Nino years and the La Nina 
year is the complete reversal of the sign of the upper tropospheric meridional winds. 
During 1986-87 and 1987-88 there are generally southerly winds north of the equator and 
northerlies to the south, while in 1988-89 the opposite is true. Thus it is apparent that the 
composite has captured the divergent pattern associate with the ascending branch of the 
Hadley circulation during the EI Nino years and the convergent pattern associated with 
the descending branch during the La Nina year. This result is supported by the vertical 
motion analysis (to be shown later) in that there are maxima in upward motion in the 
vicinity of the largest divergence of the meridional wind at upper-levels during 1986-87 






To summarize this section, the v-component has a larger meridional variability than 
the u-component, especially at upper-levels. The low-levels were dominated by northerlies 
as far south as 5.00S during all years. The latitude versus longitude analysis showed 
the maxima in upper-level southerlies occur farther south during the La Niiia year than 
during the EI Nino years, apparently following the convection. During the EI Nino years 
the maxima in upper-level southerly winds occur during the decreasing convection phase, 
much like the maxima in westerlies. The north-south vertical cross-sections showed a 
distinct reversal in sign of the meridional winds in the upper troposphere in the cold year 
from that in the warm years. The associated implied upper-level divergence is consistent 
with the vertical motion fields, as will be seen later. 
5.1.3 Divergence 
The zonal and meridional winds presented in the previous sections indicate that the 
two meteorological centers each have similar features of the MJO in their respective anal-
yses. However, the ECMWF and NMC vertical motion fields, that will be presented later, 
are significantly different. Since w was available in: the ECMWF data archives at NCAR 
and not in the NMC archive, comparison of the vertical motion fields between the two 
models is difficult. The divergence, on the other hand, was calculated for each model in 
the same manner (see Chapter 2) and gives a better comparison that should also be ap-
plicable to the vertical motion fields, as the vertical motion has its basis in the divergence 
field. The purpose of this section is to examine the horizontal divergence fields to show 
the variations with respect to the phase of the MJO and the EI Nino and to examine 
model differences. 
The MJO phase relationship is examined in Fig. 5.23, which is a pressure versus 
phase diagram at 5.00 S. This diagram was created with ECMWF data averaged over all 
longitudes between 1400E and the dateline. At first glance, it is apparent that in all 
three years there is weak convergence below about 400 mb and divergence above. This 
vertical profile is consistent with the cluster region findings of Gray (1973). He showed 
convergence of a nearly constant magnitude up to 400 mb and a concentrated region of 
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divergence centered at 200 mb. The level of maximum divergence is slightly higher in the 
present study. 
Though not entirely obvious at 5.0°8 (Fig. 5.23), examination of other pressure 
versus phase diagrams between the equator and 10.0°8 (not shown), indicate the low-
level convergent flow reaches a maximum during the increasing and maximum convective 
phases. Thus, the low-level convergence leads the convection as was mentioned previously. 
At upper-levels the maximum divergence occurs during the maximum convection 
phase. This makes sense physically because the organized convective activity and its 
associated upward vertical motion, which also peak during this phase, drive this upper-
level outflow pattern. The divergence is strongest (nearly 1.1 x 10-5 s-l) and peaks at a 
higher level in the 1987-88 composite than in the 1986-87 composite. 
The La Nina year is quite different from the EI Nino years in the upper-troposphere. 
There is a double peak in the divergence. The largest peak is at 100 mb and it is compa-
rable to the peaks during the EI Nino at similar levels in the atmosphere. The other peak 
is about half the magnitude and occurs at 250 mb. This double peak feature is evident in 
plots at the equator and 2.5°8, but not at 10.0°8, where only a single peak at 200 mb is 
observed. 
The NMC composite, Fig. 5.24, is very different than the ECMWF composite, es-
pecially during 1988-89. The area of the largest upper-level divergence occurs during the 
maximum convection phase in the EI Nino years, but occurs during the decreasing phase 
during the La Nina year. The levels of the divergence maxima are also noticeably different 
in the NMC composite during 1987-88. The peak occurs at 150 mb in the NMC com-
posite and at 100 mb i~ the ECMWF composite. Another difference is the magnitude of 
the divergence. The NMC composite shows magnitudes of about ! those of the ECMWF 
composite, leading to stronger vertic?J motion in the ECMWF model, as will be seen later. 
The north-south cross-sections are relatively unrevealing and are omitted. However, 
one interesting aspect warrants some discussion. One would expect to find the maximum 
divergent region to be displaced poleward jn the 80uthern Hemisphere during the La 
Nina year due to the shift of the main area of convective activity away from the equator 
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as was shown in Figs. 4.2-4.4. Instead, the core of the divergence remains centered 
near 5.00S during 1988-89. This is the same latitude as during both 1986-87 and 1987-
88. There is, however, a smaller secondary maximum that is evident at a slightly lower 
level between 15.0-20.00S. One possible explanation for the persistent core of divergence 
at 5.00S is the averaging of many longitudes together. Examination of the north-south 
vertical cross-sections at various longitudes across the domain indicates that the averaging 
could very well explain this feature. At longitudes west of 1500E there is a persistent 
core of divergence located between the equator and 5.00S, presumably associated with 
the convective activity over Papua New Guinea, while east of 1600E the core is between 
10.0-20.00S and at a slightly lower level. 
The east-west cross-sections presented in Fig. 5.25 are based on the ECMWF com-
posited data averaged between the equator and 10.00S during the maximum convection 
phase. The two EI NiIio years are similar, although 1986-87 has one main region of 
upper-level divergence at 150 mb centered at 1600E and 1987-88 has two regions at 100 
mb centered at 145°E and 1700E. It is interesting that there is not a secondary core of 
upper-level divergence near 145°E, associated with the Papua New Guinea convection, 
during 1986-87. The vertical motion field (not shown) does show a region of relatively 
weak ascent (0.8 JLb s-1 ) at 145°E during 1986-87. Examination of the w and divergence 
fields averaged between 5.00N-5.00S show similar results. The greatest ascent and associ-
ated upper tropospheric divergence are centered at 1600E. Thus, the reason for the lack 
of the secondary divergence maximum near Papua New Guinea in 1986-87 is not clear. 
One possibility is because of an eastward shift of the Walker circulation following 
the eastward shift of the persistent deep convection. This eastward shift would cause the 
convergence associated with the descending branch of the circulation to be near Papua 
New Guinea in the warm years. The SST anomalies (Fig. 3.1) indicate a rapid cooling 
of the ocean surface in Niiio-4 between December 1987 and February 1988, which might 
explain the second divergence peak near Papua New Guinea in the 1987-88 composite. 
The region of divergence near 1700E could be due to c~nvection that occurred near that 
longitude in November and December of 1987 and the region of divergence located near 
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Papua New Guinea could be due to convection that occurred in January and February 
1988. The westward shift of the thermally direct Walker circulation was driven by the 
rapid cooling of the SST's near the dateline. The composited OLR during 1987-88 (Fig. 
4.3) support this theory, because there are two OLR minima which occur near these same 
longitudes. 
The La Nina year, on the other hand, has a large maximum at 100 mb centered 
near 145°E and a secondary maximum at 250 mb near 175°E. The differences in the level 
of the two maxima is believed to be a result of stronger orographic convection occurring 
near Papua New Guinea and weaker convection (relatively) over the open ocean. This is 
consistent with the earlier discussion of the pressure versus phase diagrams and is also 
consistent with the NMC composite results (not shown). 
To summarize this section, we found that the low-level convergence reaches its peak 
magnitude during the increasing and maximum convection phases. This indicates that 
the convergence is instrumental in the development and maintenance of the convection 
associated with the MJO. The upper tropospheric divergence was found to occur during 
the maximum convective phase in concert with the maximum upward motion. 
The east-west cross-sections revealed that in the averages between the equator and 
10.00S, the longitude of maximum upper tropospheric divergence is located between 1600 E 
and 1700E during the EI Nifio years and at 145°E during the La Nina year. This feature 
was apparent in both the ECMWF and NMC divergence composites. The influence of the 
topography of Papua New Guinea was clearly evident in the La Nina year. The upper-
level divergence near 145°E was much stronger than the divergence farther to the east, 
indicating that the terrain-induced convection was stronger than the convection over the 
open ocean. 
5.1.4 Vertical Motion 
One of the indicators of the strength of convective activity is vertical motion. That 
is, where there are deep cumulus clouds there is strong ascending air and where there are 
shallow cumulus clouds or no clouds there is weak ascending or descending air. The vertical 
motion fields presented in this section from the ECMWF data set are those that were 
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calculated within the model analysis and those from the NMC data set were calculated 
using the technique described in Chapter 2. 
The purpose of this section is to examine the relationship between the vertical motion 
field and the convective activity within the MJO. As will be shown, there are significant 
differences in the vertical profiles of w from one phase of the MJO to another, from one 
year to another and from one model to another. The differences seen between the models 
are no doubt caused by many factors including different analysis schemes. We are unable 
to get a true measure of how these two centers differ from the vertical motion field due 
to reasons described earlier, but the differences in the divergence fields discussed in the 
previous section are applicable here as well. 
The pressure versus convection phase vertical cross-sections are useful in describing 
the large-scale characteristics of the vertical motion field. As with the horizontal wind 
component diagrams, the cross-sections represent an average of all longitudes from 1400E 
to the International Dateline. The profiles at latitudes north of the equator are all very 
similar, so we chose to use the ECMWF composite at 5.00N (Fig. 5.26) to describe the 
vertical motion in the trade wind regime. The analyses in the region from the equator to 
1O.00S are also very similar. For this portion of the domain, we chose to use 5.00 S (Fig 
5.27 for ECMWF and Fig. 5.28 for NMC) in order to be consistent with the previous 
sections. 
Examination of Fig. 5.26 indicates that the strongest vertical motions occur during 
the maximum convection phase of the MJO. This result should not be surprising; however, 
it does give an indication of the consistency of the modell . There is a trend for the center 
of the maxima in w ~o occur during other convection phases north of 5.00 N and south 
of 10.00S {not shown}. An explanation for the shift of the strongest vertical velocities to 
the other phases away from the eq~atorial region is not clear, but it could be because the 
main convection is located between 5.00 N and 10.00S. 
lThe OLR and model data may actually not be independent. If cloud-drift winds are used in the 
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Figure 5.26: Pressure-phase diagrams of ECMWF composited vertical motion (J.Lb 8-1 ) 
averaged from 1400E to 180° at 5.00N for a.) 1986-87, b.) 1987-88 and c.) 1988-89. Solid 
contours represent downward motion and dashed represent upward motion. The contour 
interval is 0.1 J.Lb s-1 . 
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In the 1986-87 composite at 5.00 N, the maximum ascending motion is located near 
300 mb and has a magnitude greater than O.51'b s-1 . There is also weak « O.ll'b s-1 ) 
descending air from the surface to about 850 mb during all but the decreasing convection 
phase. The 1987-88 composite is similar in appearance, but the maximum ascending 
motion is near 400 mb, slightly lower than the other EI Nino year. However, there does 
appear to be a secondary maximum near 250 mb. In the lower troposphere there is weak 
descending motion « 0.11'b s-1 ) during the decreasing and minimum convection phases. 
The La Nina year is characterized by very weak vertical motions in all phases. There is a 
maximum in upward motion during the maximum convective activity which is located near 
500 mb and a relative maximum in downward motion near the surface during the same 
convective phase. There is also a weak region of subsidence at 300 mb during the maximum 
convective phase. All of these maxima have absolute values of less than half those described 
in the other two years. At low-levels, below 850 mb, downward motion is seen during 
all convection phases, with the greatest descent during the maximum convection. It is 
important to remember that for all three years the convection was centered on or south 
of the equator (see Figs. 4.2-4.4), this is especially true during 1988-89. 
To better contrast the EI Nino years and the La Nina year, the vertical motion at 
5.0°8 is presented. This latitude is near the center of the maximum in convection for 
the two EI Nino years as depicted in the OLR composite diagrams (Figs. 4.2-4.4). The 
latitude of the maxima in convective activity for the La Nina year is about 10.0°8. Thus, 
the diagram of vertical motion presented in Fig. 5.27 and Fig. 5.28 are on the northern 
fringe of the deep convection for the La Nina year. A discussion of the characteristics of 
w at 10.0°8 will also be included for 1988-89. 
In general, the vertical motion fields from the ECMWF (Fig. 5.27) appear to be 
much more organized at this latitude, for all three years. There is one distinct maximum 
in upward motion that occurs consistently during the maximum convection phase. There 
are, however some differences in the location, magnitude, and extent of the core of the 
ascending and descending air. 
The two EI Nino years show a peak in upward motion near the 300 mb level and the 
peak during the La Nina year is near 500 mb, significantly lower. Also, the magnitude 
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of the vertical motion is 1.5 to 2.0 times greater during the warm years. The differences 
in magnitude might be explained as a result of the convection in the La Nina year being 
farther south, but the vertical cross-section at 1O.00 S (not shown) shows the maximum 
vertical motion ·of 0.6 Ilb s-1 , which is nearly the same as that shown in Fig 5.27. There-
fore, we conclude that the convective activity during the EI Nino years is stronger than the 
convective activity during the La Nina year. This result is consistent with the findings of 
Oeser and Wallace (1990), in that the convection associated with the tropical convergence 
zones intensifies with increased positive SST anomalies. The divergent structure functions 
introduced into the mass and wind field analysis of the ECMWF (Trenberth and Olson 
1988) in January 1988 might also explain the magnitude differences, but this could not be 
substantiated. 
Another feature that differentiates the Wa.I?Jl years from the cold year is evident at 
low-levels. Recall from Fig. 5.24, that there was subsidence in the lower troposphere 
during at least some phase of the MJO at 5.00 N. However, at 5.00 S there is no indication 
of descending air in either 1986-87 or 1987-88. In fact, the upward motion in the low-levels 
is nearly as strong as the maxima that were described at 5.00 N. There remains a shallow 
subsidence layer (surface to about 900 mb) during 1988-89. This subsidence layer begins 
to disappear at 7.5°S and is completely replaced by rising motion at 1O.00 S (not shown). 
There are also some subtle differences between the two EI Nino years. The most 
obvious difference, evident in both models, is the narrowness of the core of rising motion 
during 1987-88 compared to the broad core during 1986-87. The magnitude of w is about 
22% greater in the 1987-88 composite than the 1986-87 composite. These results indicate 
that the convection is stronger at this latitude during 1987-88 (assuming no changes in 
the model analysis procedures), but that it is shorter lived because it only persists for one 
phase of the MJO. In 1986-87, the convective activity is slightly weaker, but it persists 
for nearly three phases of the MJO. Recall from Fig. 3.1 that the positive SST anomalies 
in Nino-4 are actually slightly larger in 1987-88 than in 1986-87, which could contribute 
to the stronger vertical motion. However, as will be seen in the north-south cross-sections 
(Fig. 5.29), the maximum ascent during 1986-87 is located at 2.5°S and is actually larger 
than the maximum ascent during 1987-88, which is located at 5.00 S. 
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Figure 5.27: Pressure-phase diagrams of ECMWF composited vertical motion (I'b s-1 ) 
averaged from 1400E to 180° at 5.00S for a.) 1986--87, b.) 1987-88 and c.) 1988-89. Solid 
contours represent downward motion and dashed represent upward motion. The contour 
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Comparing Figs. 5.27 and 5.28, one can see fairly large differences in the vertical 
motion fields between the two different centers. In the NMC composite during the EI 
Nino years, the maxima in upward vertical motion occur during the maximum convection 
phase, but they are centered at 400 mb. This is 100 mb lower than in the ECWMF 
composite. Another apparent difference is seen in the 1986-87 composite. The NMC 
composite shows an area of subsidence during the increasing convection phase that does 
not exist in the ECMWF composite. The cause of this region of subsidence is not clear, 
but it is visible in the north-south vertical cross-section during the increasing convection 
phase between 2.5°S and 10.00S (not shown). 
The magnitudes of w are also significantly different between the two models. The 
ascending motion is stronger in the ECMWF composite by a factor of 1.5 in 1986-87 and 
1.8 in 1987-88. These differences can be attributed to the differing model analysis schemes. 
During the La Nina year, the differences between the two models become even greater. 
The NMC composite (Fig. 5.28) shows the maximum in upward motion occurring during 
the increasing convection phase. The character of the core of the ascending air is also 
different. The ECMWF composite shows a narrow vertical column of ascent extending 
well into the upper-troposphere during the maximum convection phase, while the NMC 
composite shows a rather broad fiat region restricted to the mid-troposphere. 
One similarity that is evident in the two models during the La Nina year is at low-
levels. Both show subsidence of nearly the same intensity during the decreasing convection 
phase, although the NMC composite has a deeper layer than the ECMWF composite. 
The meridional variations in w are presented during the maximum convection phase 
for the ECMWF and ~MC composites in Fig. 5.29 and Fig. 5.30, respectively. These 
diagrams are north-south vertical cross-sections based on the average of all longitudes 
between 1400E to 180°. The inter-phase variations, though evident, are not as significant 
as the inter-annual variations, and are not presented. 
The two EI Nino years show upward vertical motion from about 1O.00N to 15.00S 
in the ECMWF model with the primary maxima south of the equator. In 1986-87 there 
are multiple centers of ascent, both north and south of the equator. During 1987-88, 
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however, there is only one main region of ascent. This suggests, because this is an average 
of many longitudes, that during 1986-87 the latitude that deep convection occurred varied 
with longitude and in 1987-88 the latitude remained fairly regular across the 40° domain. 
Examination of the north-south vertical cross-sections along various longitude belts (not 
shown) indicates that this is in fact the case. This is also consistent with the composited 
OLR (Figs. 4.2 and 4.3) because during the maximum convection phase (minimum OLR) 
for 1986-87 the amount of OLR is highly variable across the domain, while in 1987-88 there 
is a persistent band of low OLR across the entire domain indicating persistent convective 
activity. 
The 1986-87 ECMWF composite (Fig. 5.29) is suggestive of the double ITCZ struc-
ture that is often found in the equatorial Pacific Ocean, although there are multiple centers 
of upward motion on both sides of the equator. Examination of north-south cross-sections 
along individual longitude belts (recall Fig. 5.29 is an average of all longitudes from 
1400E-1800) indicates that the multiple centers on each side of the equator are a result of 
this longitudinal averaging. The vertical motion associated with the Northern Hemisphere 
trade wind trough is indicated by the two peaks at 2.5°N and 7.5°N and the Southern 
Hemisphere SPCZ is indicated by the two peaks at 2.5°S and 7.5°S. During 1987-88 this 
double ITCZ structure is not obvious during the maximum convection phase, but it is 
apparent in the other three phases near 10.00N (not shown). In each of the two warm 
years, the level of maximum upward vertical motion is between 300-400 mb. Also, in both 
years the region of subsidence associated with the Northern Hemisphere subtropical ridge 
is confined north of 15.00N. 
In the ECMWF ~Qmposite, the La Niiia year shows two primary centers of upward 
vertical motion south of the equator located near 7.5°S and 15.00S and a relatively weak 
center at about 5.00N. There is some evidence of the double ITCZ structure during this 
cold year during the maximum convection phase, but it is more apparent in the other 
three phases (not shown) with a zone of upward motion near 7.5°N. The two maxima in 
the Southern Hemisphere peak between 500-700 mb and are smaller in magnitude than 


























































Figure 5.29: Pressure versus latitude diagrams of ECMWF composited vertical motion 
(pb 8-1 ) averaged from 1400E to 1800 for the maximum convective phase for a.) 1986-87, 
b.) 1987-88 and c.} 1988-89. Solid lines represent downward motion and dashed lines 
represent upward motion. Contour interval 0.1 J-lb 8-1 • 
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convection is shallower and weaker during the this La Niiia year than during the two EI 
Nino years. Another possibility is that during the EI Nino years there is a larger fraction 
of upper-level stratiform precipitation in the composite, which would cause a peak in 
vertical motion at a higher level, whereas convective scale precipitation causes a vertical 
motion peak lower in the atmosphere (Gamache and Houze 1983; Johnson 1982). 
Also evident in the 1988-89 composite is the expansion or southward shift of the 
subsidence associated with the Northern Hemisphere subtropical ridge to about 10.00N. 
This is consistent with the southward shift of the high OLR values shown in Figs. 4.2-4.4. 
The main center of ascent clearly shifts poleward from 2.5°S in 1986-87, to 5.00S in 
1987-88, finally to 15.00S in 1988-89. This is indicative of the shifting of the main area 
of convective activity during the transition from an EI Nino to a La Nina discussed by 
Deser and Wallace (1990). 
In contrast to the fields of horizontal motion, the vertical motion composite computed 
with the NMC data set is very different from the ECMWF composite. Figure 5.30 shows 
that during 1986-87 there are two maxima in upward vertical motion, one in each hemi-
sphere (the aforementioned double ITCZ structure "is much more evident). The Northern 
Hemisphere center is located just north of the equator similar to the ECMWF composite, 
but the Southern Hemisphere center is at 1O.00S, which is about 7.5° farther south than 
in the ECMWF composite. Both of these centers of ascent have similar magnitudes near 
0.7 J..I.b s-1 , while the main centers in the ECMWF composite have values of around 1.0 
and 1.5 J..I.b s-1 . 
The NMC composited w in 1987-88 is quite similar to the 1986-87 NMC composite. 
There is one major center of ascent in each hemisphere, although the Northern Hemisphere 
one appears slightly weaker. Recall that in the ECMWF composite there was only one 
main core of ascending air. The core of the Southern Hemisphere upward vertical motion 
is located near 7.5°S, which is 2.5° south of the main center in the ECMWF composite. 
During the La Nina year the NMC pattern continues to be different from the ECMWF 
composite. There is one center of ascent in each hemisphere, one located at 5.00N and 
another at 10.00S. In this year, however, the Southern Hemisphere center is more than 
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Despite other differences, the level of strongest vertical motion is consistent in both 
of the models for a.ll three years. However the southward shift of the core of the ascending 
motion during the La Nina year is not as clearly evident in the NMC composited w field, 
nor is the expansion or southward shift of the subsidence associated with the Northern 
Hemisphere subtropical ridge. The lack of these features is not consistent with the com-
posited OLR data shown in Figs. 4.2-4.4. The OLR composites clearly show a southward 
shift in the lowest values of OLR (deep convective activity) in the Southern Hemisphere 
from 1986 through 1989 and a southward shift of the highest values of OLR associated 
with the Northern Hemisphere subtropical ridge during 1988-89, which should be reflected 
in the w field. 
The east-west cross-sections show very few features and therefore are not shown and 
only discussed briefly. The two EI Niiio years are quite similar and show multiple centers 
of upward motion across the domain. The level of maximum ascent in these two years 
is between 300-400 mb. The La Niiia year shows only one main core of the upward 
vertical motion located between 1400E and 145°E between 400-500 mb. More discussion 
on the east-west variation is presented in relation to the heat and moisture budgets in the 
following chapter. 
To summarize this section, we found that in the region of the most active convection, 
between 5.00N and 15.00S, the strongest vertical motions occur during the maximum 
convection phase of the MJO. The level of maximum ascent was consistent between the 
two models. During the EL Nino years the peak was between 300-400 mb and during the 
La Nina year it was between 500-700 mb. 
There were also many differences in the composited w fields generated from the two 
centers. The magnitude of the ascent was found to be 1.5 to 2.0 times greater in the 
ECMWF composite. Also, a major southward shift of the main core of upward motion 
(from near the equator in 1986-87 to' about 15.00S during 1988-89) was only apparent in 
the ECMWF composite. The NMC composite showed the main core of ascent remaining 
near 1O.00S in all three years. The magnitude of the vertical motion was 1.5-2.0 times 
stronger during the warm years than the cold year in the ECMWF composite and of equal 
strength for a.ll three years in the NMC composite. 
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5.2 Thermodynamic Fields 
The purpose of this section is to present the surface pressure, atmospheric temperature 
and relative humidity fields in relation to the MJO composite. The small daily, and even 
monthly, variability of these parameters makes it necessary to show anomalies rather than 
total fields. The means for each grid point in the domain for the four month period (Nov-
Feb) for each year are subtracted from the composited data to arrive at these anomalies. 
5.2.1 Surface Pressure Anomalies 
The spatial variations in surface pressure anomalies are shown in Figs. 5.31-5.33. 
These figures were generated using the ECMWF data composited based on the convective 
phase at 1600E longitude. The NMC composite results are not presented because they 
are very similar to the ECMWF composite. 
In the 1986-87 composite (Fig. 5.31) the pattern north of the equator shows negative 
anomalies of about 0.8 mb centered at 10.00N across most of the domain during the de-
creasing and minimum convection phases and a mixture of weaker positive and negative 
anomalies during the other two phases. A stronger more revealing signal exists in the 
Southern Hemisphere. Positive pressure anomalies dominate during the minimum con-
vection phase and negative pressure anomalies dominate during the maximum convection 
phase. This makes physical sense because during the periods of minimum convective ac-
tivity, the pressure perturbations associated with the low-level divergent Bow within the 
MJO wave would be positive and during the maximum convective activity the opposite 
would be true. 
Also apparent in Fig. 5.31 is a west to east propagation of the centers of anomalous 
pressures. The positive anomaly near 10.00S and 145°E in the decreasing convection 
diagram appears to move south-eastward across the domain during the minimum and 
increasing phases and is completely out of the domain by the maximum convection phase. 
Lau and Lau (1986) also noted an eastward propagation in the surface pressure field in 






North of the equator, the 1987-88 composite (Fig. 5.32) is drastically different from 
the 1986-87 composite. The pressure anomalies during the decreasing and minimum con-
vection phases are positive and during the increasing and maximum convection phases 
the anomalies are predominately negative. Intuitively this makes better physical sense as 
lower surface pressures are expected to accompany higher convective activity as explained 
above. The NMC composite results indicate the same tendency. Attempts to explain the 
differences between these two years have been difficult and inconclusive. 
The anomalous pressure patterns south of the equator are somewhat similar in both 
the 1986-87 and 1987-88 composites. However, the pattern south of 10.00S during 1986-87 
appears to have pressure variations on a smaller scale than the MJO, as seen best in the 
decreasing convection phase. Investigation into the number of tropical cyclones in the 
region between 155°E and 175°E (JTWC, 1986-89) indicates more cyclones occurred in 
during 1986-87 than the other two years. It is, therefore, likely that the surface pressure 
anomalies have been biased by these cyclones. 
The composited surface pressure anomalies for the La Nina year, 1988-89, are shown 
in Fig 5.33. During this cold year, the convection was found to be shifted well south of the 
equator. The surface pressure anomalies north of the equator are similar to those shown in 
Fig. 5.32. Positive anomalies occur when convection is decreasing and at a minimum and 
negative anomalies occur as the convection increases and reaches a maximum. South of 
the equator the patterns are also similar, but there are some differences evident during the 
transition phases, when the anomalies are greatest. The regions of anomalous pressures 
are shifted farther south and are smaller in magnitude in the 1988-89 composite year, 
consistent with the more southerly track of convection in the La Nina year. 
A feature that is apparent in all three years is that the maximum and minimum 
anomaly values occur during the two transition phases. The highest surface pressure 
anomalies occur during the increasing convective phase and the lowest anomalies occur 
during the decreasing phase. Thus, there appears to be a phase lag between the occurrence 
of maximum (minimum) convection and vertical motion and the minimum (maximum) 
surface pressure. The fact that the minimum in surface pressure anomalies occur during 
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the same phase as the maximum in low-level westerlies and vice versa is consistent with the 
results presented in Lau and Lau (1986). In their GCM simulation, they showed for the 
western Pacific Ocean area, strong low-level easterlies were associated with positive surface 
pressure anomalies south of the equator and strong low-level westerlies were associated 
with negative surface pressure anomalies. 
To summarize this section, we found that there is good agreement between the 
ECMWF and NMC surface pressure composite results. Both composites show that the 
surface pressure anomaly pattern in the Northern Hemisphere during 1986-87 is very dif-
ferent than the patterns in 1987-88 and 1988-89. The patterns in the Southern Hemisphere 
are quite similar in all three years, although the centers of the anomalies are shifted farther 
away from the equator during the cold year. The Southern Hemisphere results are similar 
to the results of Lau and Lau (1986). 
5.2.2 Temperature Anomalies 
The temperature deviations for the ECMWF data are presented in order to examine 
how the MJO modifies the thermal structure of the atmosphere. The temperatures in 
the NMC archives at NCAR were found to be virtual temperature (Jenne, 1991) and are 
not presented because large mixing ratios in the tropics makes the recovery of accurate 
temperature anomalies problematic. 
Figure 5.34 is a pressure versus phase diagram of temperature anomalies at 5.00S 
averaged over all longitudes from 1400E to 180°. In the lower troposphere, there are 
negative anomalies during the decreasing phase of the MJO. These anomalies may be 
due evaporational cooling of the residual precipitation in the unsaturated downdrafts 
associated with the de~aying convective towers. This region of negative anomalies is also 
apparent just east of the trough axis in the composite of westward propagating synoptic-
scale disturbances accomplished by Reed and Recker (1971) (their Fig. 5) and in the 
Australian summer monsoon onset composite done by Hendon and Liebmann (1990) (their 
Fig. 5d). The same speculation as to the source of this low-level cooling anomaly was 
forwarded by Reed and Recker and Hendon and Liebmann, although the former used the 
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Figure 5.34: Pressure-phase diagram of temperature anomalies (OK) at 5.0°8 averaged 
from 1400E to 180° for a..) 1986-87, b.) 1987-88 and c.) 1988-89. The solid lines are 
warm anomalies and the dashed are cool. The contour interval is 0.15 OK. 
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weak warm anomalies between 200 and 500 mb in the increasing, maximum or decreasing 
convection phases. These warm anomalies are presumably associated with latent heat 
release (similar to the results of Reed and Recker 1971 and Reed et al. 1977). 
The upper-levels appear similar in all three years in that there is a large negative 
anomaly near 100 mb during the maximum convection phase and a smaller positive 
anomaly during the decreasing and minimum convection phases. This pattern is simi-
lar to that found in by Reed and Recker (1971), Reed et al. (1977) and Hendon and 
Liebmann (1990). Reed and Recker (1971) found negative anomalies near 125 mb in the 
trough axis and warm anomalies in the ridge axis, which correspond to the maximum 
and minimum convection phases used in our composite. Reed et al. (1977) found similar 
cooling near 150 mb. They attributed the negative anomalies to the adiabatic cooling as-
sociated with the negatively buoyant overshooting convective towers in the wave trough. 
Hendon and Liebmann (1990) show negative anomalies at 100 mb 10-20 days after the 
onset of the monsoon, which is defined by them as the time of maximum westerly winds. 
In the present study, this corresponds to the decreasing convection phase, as that is when 
the maximum westerly winds occur. The magnitudes of the anomalies are between 0.6 to 
0.9 OK, also consistent with these studies. 
It is encouraging that the results presented here are consistent with those from studies 
based on sounding data. However, the location of the studies referenced above should be 
kept in mind. Reed and Recker(1971) used sounding data from a Kwajalein, Eniwetok 
and Pohnpei triangle (centered:::::: lOON 163°E), Reed et al. (1977) used data from GATE 
(:::::: 7.5°N 23°W) and Hendon and Liebmann (1990) used sounding data from Darwin, 
Australia (:::::: 12°8 130o.E). 
The north-south vertical cross-sections of 1" averaged over the domain for 1987-88 
are presented in Fig. 5.35. Because the anomalous temperature patterns are quite similar 
in all three years, we chose this year examine the meridional thermal structure. 
There is a dramatic reversal in the temperature anomalies with the change in convec-
tive phase south of the equator. During the increasing convection phase, the lower tropo-
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Figure 5.35: Pressure-latitude diagram. of temperature anomalies (OK) averaged from 
1400E to 180° for the a.) increasing, b.} maximum, c.) decreasing and d.} minimum 
convection phase of the MJO. The solid lines are warm anomalies and the dashed are cool. 
The contour interval is 0.15 oK. 
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cold anomalies and the remainder of the upper troposphere has warm anomalies. When 
the convection reaches a maximum and begins to decrease, there is a complete reversal of 
the temperature anomaly profile. The maximum negative anomaly in the low-levels peaks 
during the decreasing convection phase and is likely a result of precipitation evaporation, 
while the warming in the mid- to upper troposphere is likely due to latent heat release. 
When the convective activity reaches its minimum intensity, the profile reverts back to 
the original. The next chapter contains a complete discussion about the heating profiles 
and is deferred until then. 
5.2.3 Relative Humidity Anomalies 
The moisture field in the model was anticipated to be less reliable than the temper-
ature fields because it is prone to more errors during the measurement process. However, 
the composite analysis of the relative humidity anomalies shows good physical consistency 
and has some similar characteristics of the Reed and Recker (1971) wave composite. 
Figure 5.36 is a pressure versus convective phase diagram of the relative humidity 
anomalies at 5.00S averaged over all longitudes from 1400E to the dateline (as in Fig. 
5.34). The middle and upper troposphere have the largest modulations, especially in the 
EI Nino years. During the La Nina year the modulation is weaker and lower, but the 
1988-89 composite at 10.00S (not shown) has anomalies of the same magnitude and at the 
same levels as seen at 5.00 S in the EI Nino years. Positive anomalies (moistening) are 
seen near the surface during the increasing convection phase and shift to the maximum 
phase in the mid-levels and peak near 200 mb during the decreasing phase. Reed and 
Recker (1971) showed a west-to-east tilt with height in their wave composite (their Fig. 
6), but because they were examining westward propagating disturbances their slope was 
from the front of the wave to the rear. In the present study of eastward propagating 
disturbances the slope is also front'to rear, but because the disturbance is moving in the 
opposite direction, the slope is actually east-to-west. This front-to-rear slope is evident 
in Fig. 5.36. The slope is better defined in the 1988-89 composite at 10.00S (not shown). 
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Figure 5.36: Pressure-phase diagram of relative humidity anomalies (%) at 5.00 S averaged 
from 1400E to 180° for a.) 1986-87, b.) 1987-88 and c.) 1988-89. The solid lines are moist 
anomalies and the dashed are dry. The contour interval is 3.0%. 
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For consistency, we present the relative humidity anomalies in a north-south vertical 
cross-section for 1987-88 averaged over the entire domain (Fig. 5.37). The most dramatic 
changes are evident in the upper-levels. There are negative anomalies above about 400 mb 
during the minimum and increasing convection phases. Like the temperature anomalies, 
the opposite sign anomaly appears during and after the maximum convective activity. 
The largest upper tropospheric moist anomalies occur during the decreasing convection 
phase at about 2.5°S and are probably associated with the large cirrus shields that persist 
in the upper atmosphere long after the deep convective towers have collapsed. Recall the 
deep convection was centered near 2.5°S during 1987-88. The largest moist anomaly in 
the 1986-87 and 1988-89 composites (not shown) are at 2.5°S and 12.5°S, respectively, 
which also correspond to the location of the deep convection in those years. 
It should be pointed out that since very few actual soundings exist within the domain 
of the study, the moisture fields may be heavily influenced by satellite data and, therefore, 
the OLR and RH' may not be totally independent. 
Although some very interesting and significant results as to the structure of the oscil-
lation were found (summarized at the end of each section), the fact that the MJO signal 
was evident in both model analyses without using any spectral analysis or filtering of the 
data is an important finding. It suggests that re-analysis of many years of model analyzed 
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Figure 5.37: Pressure-latitude diagram of relative humidity anomalies (%) averaged from 
1400 E to 1800 for the a.) increasing, b.) maximum, c.) decreasing and d.) minimum. 
convection phase of the MJO. The solid lines are moist anomalies and the dashed are dry. 
The contour interval is 3.0%. 
Chapter 6 
COMPOSITE HEAT AND MOISTURE BUDGETS 
Heat and moisture budgets, were first applied to precipitation features in the tropics 
(Yanai et al. 1973). More recently there has been a shift to the middle latitudes. Gallus 
and Johnson (1991) used heat and moisture budgets to characterize a squall line that 
traversed Kansas and Oklahoma during the 1985 PRE-STORM experiment. In the latter, 
the data resolution was fine enough to allow partitioning of the storm into the convective 
line and the stratiform regions. The resolution of the data in the following composite 
results is nowhere near as fine as in the squall line study, but the MJO is on a much 
larger scale than a squall line. It is therefore believed that 2.5° resolution composited 
data captures this large-scale feature rather well. 
The budget results are presented in a manner similar to the previous chapter. Only 
the results of the ECMWF composite are presented because of the difficulty in recovering 
NMC temperatures. The variation of the Ql (the apparent heat source) and Q2 (the 
apparent moisture sink) as a function of MJO phase is shown in Figs. 6.1 and 6.2. These 
figures are based on an average of all longitudes between 1400E and 180° at 2.5°S. We 
chose this latitude because during the El Niiio years the convection is centered near 
this latitude. Similar figures at 7.5°S will be shown later to illustrate the heating rates 
associated with the convection during the La Nina year (Figs. 6.3 and 6.4). 
The terms involving the vertical derivatives in Eqs. (2.1) and (2.2) dominate the 
local change and horizontal advection terms in the tropics due to temporal and horizontal 
homogeneity. Thus, the Ql and Q2 profiles should resemble the vertical motion field to 
some degree. As can be seen from a comparison of Figs. 6.1 and 6.2 with Fig. 5.27, this 
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Figure 6.1: Pressure-convective phase of Ql averaged from 1400E to 180° at 2.5°8 for a.} 
1986-87, b.) 1987-88 and c.) 1988-89 in units of OK day-l. The solid lines indicate the 
apparent heat source and the dashed lines indicate the apparent heat sink. The contour 
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during the maximum convection phase. In all three years the maximum Ql occurs during 
this phase and the maximum Q2 occurs during the maximum convection phase in 1987-
88 and 1988-89. The maximum Q2 in 1986-87 occurs during the decreasing phase, but 
inspection of the data indicates the Q2 values for both the maximum and decreasing 
phases are nearly the same. 
The shape of the vertical profile of Ql and Q2 are also very similar to the vertical 
motion profile. Recall that during 1987-88, the vertical motion profile was concentrated 
around the maximum convection phase and during 1986-87 it was a broader profile covering 
the decreasing and increasing phases as well (Fig. 5.27). This broader profile is evident 
in Fig. 6.1 and to some degree in Fig. 6.2. 
A feature that is evident in the comparison of the two EI Nino years in Fig. 6.1 is 
that the peak in Ql is at a higher level in the atmosphere in the 1987-88 composite (near 
300 mb) than in the 1986-87 composite (near 400 mb). This higher level peak in 1987-88 
is seen between the equator and 7.5°8. The OLR composites (Figs. 4.2-4.4) indicated 
that the convective activity was stronger during 1987-88 and Fig. 4.1 indicated that the 
positive SST anomalies during 1987-88 were also larger. These features are physically 
consistent with a higher heating peak in 1987-88. While the levels of peak heating vary 
somewhat, the level of maximum drying seen in Fig. 6.2 is consistently located at 700 mb. 
Another difference between the two warm years is the low-level cooling and moistening 
that is seen in the 1987-88 Ql and Q2 profiles during the decreasing convection phase, 
which is not seen in 1986-87. 
The heating and drying rates at 2.5°S during the La Nina year are much weaker than 
the EI Nino years. The peak in Ql is about 1.5°K day-l and is located near 500 mb. The 
peak in Q2 is about 2.7°K day-l and is located near 700 mb. It should be kept in mind 
that the core of the convection is centered near 1O.00 S during 1988-89, so the magnitude 
of heating and drying rates at 2.5°S are not representative of the deep convection in this 
year. However, as will be seen later, the level of maximum heating and drying is typical 
of the La Nina year. The La Nina year also shows moistening below 850 mb during all 
phases of the MJO. The cause of this low-level moistening cannot be determined from 
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the data, but since there is heating aloft, it is speculated that its origin is mainly the 
evaporation of precipitation. 
Luo and Yanai (1984) pointed out that profiles of Ql and Q2 will be similar if 
the heating and drying resulted from non-convective precipitation and the profiles will 
be different if the heating resulted from cumulus convection (provided QR is small). The 
deep cumulus convection and the associated strong vertical convergence of the vertical 
eddy transport of sensible heat in the upper-levels leads to the peak of Ql in the upper-
levels. If the eddy vertical motions are stronger, the separation of the maxima in Ql and 
Q2 will be greater. That is, stronger convection will result in stronger fluxes of sensible 
heat and larger vertical flux divergences (a~;' term in Eq. (2.1» at higher levels, thereby 
leading to a higher level peak of Ql . The separation between the peaks of Ql and Q2 is 
evident in Fig. 6.3, which shows vertical profiles of Ql (curve A) and Q2 (curve B) for 
the maximum convection phase of the MJO at 2.5°8 averaged between 1400 E and 1800 • 
In comparing the two EI Nino years, we see that the peaks in Ql and Q2 during 1986-87 
are at 400 mb and 700 mb, respectively and during 1987-88 they are at 300 mb and 700 
mb, respectively. 
The profiles for the La Nina year show much less vertical separation with the Ql 
maximum at 500 mb and the Q2 maximum at 700 mb. This indicates that either the con-
vection is weaker and/or there is more low-level stratiform cloudiness in the cold year. The 
low-level cooling and moistening during 1988-89 is indicative of stratiform precipitation, al-
though the heating and drying peaks aloft are at a lower level than are commonly observed 
(eg. Johnson and Young 1983). Precise inferences reguarding the nature of convection 
are difficult since the heating and drying are obviously closely dependent on the schemes 
for representing convective and non-convective precipitation in the model. The ECMWF 
model uses a modified Kuo scheme to parameterize penetrative cumulus convection and 
the shallow non-precipitating cumulus are parameterized using a quasi-equilibrium state 
between the moistening and cooling within the turbulent mixed boundary layer balancing 
the warming and drying due to large scale subsidence (Tiedtke et aI. 1988). 
Many authors have shown the vertical profile of Q2 to have a double maxima. The 
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Figure 6.3: Vertical profile of QI (curve A) and Q2 (curve B) for the maximum convective 
phase of the MJO averaged from 1400E to 180° at 2.5°8 for a.) 1986-87, b.) 1987-88 and 
c.) 1988-89 in units of OK day-I. 
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et al. (1988) argue that the coexistence of convective towers and stratiform clouds lead 
to moistening in the lower- and upper-levels, respectively, thereby giving a double peak in 
Q2. However, Dudhia and Moncrieff (1987) and Lafore et al. (1988) suggest that double 
peak appears as a result of the vertical eddy flux convergence of moisture in the convective 
towers. Figure 6.3 indicates this double peak structure is most apparent during 1986-87. 
If we now look at the vertical profile of the heating rates at 7.5°S shown in Figs. 6.4 
and 6.5, we see the Ql profiles in the two EI Niiio years look very similar to the profiles 
at 2.5°S, although the magnitudes are slightly larger. The Q2 profiles, on the other hand, 
are much differe~t. The maxima occur lower in the atmosphere (850 mb) and in 1986-87 
the peak occurs during the increasing convection phase. The reason for the shift to this 
phase is not clear, but it is also seen at 1O.00 S (not shown). As with QI , the magnitudes 
of Q2 are larger at this latitude. 
The La Niiia year is also quite different at 7.5°S. The peak in QI has more than 
doubled in magnitude and has shifted to a higher level in the atmosphere (near 400 
mb). This shift to a higher level peak is possibly due to the fact that the core of the 
convection during 1988-89 is centered nearer 7.5°S, but examination of east-west cross-
sections of QI (Fig. 6.9) indicates it is most likely due to the inclusion of the high level 
heating peak associated with terrain-induced convection near Papua New Guinea. The 
east-west cross-section of w averaged between the equator and 1O.00 S (not shown) also 
indicates a maximum near 400 mb near Papua New Guinea. The Q2 profile also reflects 
a large change. The maximum in Q2 occurs at the same level (700 mb), but occurs 
during the increasing and maximum convection phases. The plot indicates the maximum 
occurs during the incre~ing phase, but inspection of the data shows the values during the 
maximum phase are nearly the same. Another noticeable difference is the larger vertical 
extent of the drying and less low-level ,moistening at 7.5°S. This is indicative of the stronger 
convective activity and/or less stratiform clouds. 
McBride and Frank (1991) give a good summary of the Ql and Q2 profiles produced 
from various composite data sets in tropical regions around the world (their Fig. 5). They 
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the western Atlantic cloud clusters have a maximum heating rate at about 400 mb. The 
results shown here are in good agreement with these levels of peak heating. McBride and 
Frank also show the Atlantic ITCZ during GATE had a maximum heating just below the 
500 mb level. 
The vertical profiles of Ql and Q2 for the maximum convection phase of the MJO 
at 7.5°S averaged between 1400E and 180° are presented in Fig. 6.6. This figure again 
shows how the vertical separation between Ql and Q2 is larger during the EI Nino years 
than the La Nina year. It also shows that the separation is largest during 1987-88, when 
the vertical motion and positive SST anomalies are largest. The low-level moistening seen 
at 2.5°S in 1988-89 is still evident at 7.5°S, but its vertical depth is shallower. The peak 
in Ql at this latitude has shifted to about 400 mb in the 1988-89 composite, but as will 
be shown later, this higher level peak is caused by the terrain of Papua New Guinea. 
Figures 6.7 and 6.8 show the north-south vertical cross-sections of Ql and Q2 for the 
maximum convection phase averaged over all longitudes between 1400E and 180° for the 
ECMWF composite. In the 1986-87 composite there are multiple peaks in both Ql and 
Q2 similar to the w profile. The double ITCZ structure observed in the vertical motion 
field during 1986-87 is also evident in the Ql and Q2 fields. There are weak centers of 
heating and drying at and north of the equator, which likely resulted from the convective 
activity associated with the Northern Hemisphere trade-wind trough and stronger centers 
of heating and drying south of the equator associated with the SPCZ. Examination of 
north-south cross-sections along various longitude belts indicates that the averaging of all 
the longitudes together, as was done in Figs. 6.7 and 6.8, is the cause of the multiple 
centers of heating and drying seen in the figures. 
During 1987-88, there are single maxima in Ql and Q2 of 6.1° and 7.4°K day-l 
which are located at about 7.5°S. These heating rates are slightly smaller than the two 
mentioned in the 1986-87 results. However, the peak in Ql is at a higher level in the 
atmosphere. 
The La Nina composite indicates that in the main convective region near 7.5°S, the 
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Figure 6.7: Pressure-latitude diagram of QI in oK day-l for the maximum convection 
phase of the MJO averaged between 1400E and 1800 using the ECMWF data set for a.) 
1986-87, b.) 1987-88 and c.) 1988-89. Solid lines indicate an apparent heat source and 
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Figure 6.8: Pressure-latitude diagram of Q2 in oK day-l for the maximum convection 
phase of the MJO averaged between 1400E and 1800 using the ECMWF data set for A.) 
1986-87, b.) 1987-88 and c.) 1988-89. Solid lines indicate an apparent moisture sink and 
dashed lines indicate an apparent moisture source. The contour interval is 1.2°K day-I. 
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the magnitudes are about half that of the warm years. Recall that the vertical motions in 
the cold years were also weaker. However, the east-west profiles of QI (Fig.6.9) indicate 
that this higher peak in the longitude-averaged depiction of Fig. 6.7c is likely due to the 
influence of Papua New Guinea. The heating peaks east of lS00E are between S00-700 
mb (This longitudinal variability is also seen later in Fig. 6.11). 
Another interesting feature that is apparent in all three years is the cooling and 
moistening in the Northern Hemisphere (Figs. 6.7 and 6.S). During the warm years 
cooling and moistening are apparent in the low-levels north of 10.ooN and during the 
cold year they are evident in the low-levels between S.oo-IS.ooN. The magnitude of the 
moistening ranges from 2.4-3.3°K day-I. The exact cause of the cooling and moistening 
cannot be determined from the data, but we speculate that the cooling and moistening in 
the low-levels is a result of evaporation of trade-wind cumulus. Nitta and Esbensen (1974) 
showed local minima in the QI and Q2 profiles (cooling and moistening) near SOO mb 
during the undisturbed period (their Fig. Sa). They attributed the heat sink and moisture 
source to the re-evaporation of cloud droplets from trade-wind cumulus near the top of 
the trade inversion. Examination of the vertical profiles of QI and Q2 between IO.ooN 
and IS.OoN (not shown) show similar results to those of Nitta and Esbensen. Cooling in 
the upper troposphere is also indicated between IO.oo-IS.ooN. The magnitude of cooling 
ranges from O.S-1.0oK day-I. The cooling is more wide spread and larger in magnitude in 
the decreasing and minimum convection phases (not shown), where cooling rates of over 
1.5°K day-l are common. We speculate that the upper-level cooling is a result oflongwave 
cooling off the cirrus anvils associated with the deeper convection as well as tropospheric 
losses in the cloud-free regions. The magnitude of cooling is consistent with the mean net 
radiative cooling rate of about 1.6°K day-l in the upper troposphere between 1O.oo-20.0oN 
presented by Dopplick (1972). 
Comparison of Figs. 6.7 and 6.S and Fig. 5.29 again shows how the vertical motion 
profile is instrumental in the QI and Q2 profiles. One feature that we are unable to 
explain is why the peaks in Ql and Q2 are displaced south of the peaks in the vertical 
motion fields during the El Nino years and not during the La Nina year. 
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The pressure versus longitude diagrams averaged from the equator to 10.00S show 
multiple centers of heating and drying and that the level at which the maxima in Ql 
and Q2 occur is more consistent across the domain during 1987-88 than either of the 
other two years (Figs. 6.9 and 6.10). We chose to only show the maximum convection 
phase again. The figures show that the two warm years are similar in that the centers of 
maximum Ql and Q2 are between 1600E and 180°. In 1987-88 these multiple centers of 
maximum Ql and Q2 are of similar magnitude and occur between 300-400 mb and at 
700 mb, respectively. In 1986-87, however, the largest Ql heating rate (lOAOK day-I) 
is seen at 500 mb near 1600E and the largest Q2 drying rate (13.4°K day-I) is seen at 
850 mb, also near 1600E. There are also weaker regions of heating and drying that are at 
higher levels (400 mb and 700 mb, respectively) at other longitudes. Thus, when all the 
longitudes are averaged together, as was done in Figs. 6.7 and 6.8, the larger peaks lower 
in the atmosphere have the effect of lowering the zonally averaged levels of peak heating. 
The cold year is very different. The largest heating and drying occur between 1400E 
and 1500E. At this longitude, the terrain-induced convection around Papua New Guinea 
is believed to be the major cause of the persistent high level peaks of Ql and Q2 (400 mb 
and 700 mb, respectively). The centers farther to the east are quite weak and, in the case 
of Q1 , much lower in the troposphere. A comparison of the El Nino years and the La 
Nina year indicates that, over the open ocean away from the influence ofland, the heating 
rates are largest and at higher levels in the atmosphere when the SST anomalies (Fig. 3.1) 
are positive (during warm events). The higher level heating peaks in the EI Nino years 
is an indication that the convective activity was stronger during the warm. years and/or 
that there was a larger fraction of upper tropospheric stratiform precipitation (eg. Houze 
1982; Johnson 1984). 
Though not shown, the minimum convection phase does warrant some discussion. In 
all three years, most of the centers of maximum Ql are lower in the atmosphere during 
this phase than during the maximum convective phase. The major exception to this trend 
occurs in 1988-89 between 1400E and 1500E. The terrain of Papua New Guinea is again 





















































Figure 6.9: Pressure-longitude diagram of Ql in OK day-l for the maximum convection 
phase of the MJO averaged between the equator and 1O.00 S using the ECMWF data set 
for a.} 1986-87, b.} 1987-88 and c.} 1988-89. Solid lines indicate an apparent heat source 
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Figure 6.10: Pressure-longitude diagram of Q2 in oK day-l for the maximum convection 
phase of the MJO averaged between the equator and 1O.00 S using the ECMWF data set 
for a.) 1986-87, b.) 1987-88 and c.). 1988-89. Solid lines indicate an apparent moisture 
sink and dashed lines indicate an apparent moisture source. The contour interval is 1.2°K 
day-to 
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during all four MJO phases in 1988-89. The terrain influence does not appear as large in 
the EI Nino years. In fact, the centers of the largest Ql are well to the east of Papua New 
Guinea. It is not clear why a strong heating peak associated with this mountainous land 
mass does not show up as strongly in the warm years. One possibility that was discussed in 
the divergence section of Chapter 5 is an eastward shift of the Walker circulation following 
the eastward shift of the persistent deep convection. This eastward shift would result in 
the descending branch of the circulation being near Papua New Guinea in the warm years, 
thereby suppressing strong convection and limiting the amount of atmospheric heating. 
In order to better illustrate the terrain influence and to document the differences in 
the heating profiles across the western Pacific Ocean, we present Ql and Q2 profiles 
computed over four 1O.00xlO.0° boxes (Figs. 6.11 and 6.12). Each of these figures was 
created with data averaged between the equator and 1O.00S and averaged over 10° of 
longitude. Figure 6.11 is for 1988-89 and Fig. 6.12 is for 1987-88. 
The La Nina year (Fig. 6.11) shows the largest changes across the domain. In Fig. 
6.11a, which is an average between 1400E and 1500E, a Ql peak of nearly 6.00K day-l 
near 400 mb and a Q2 peak of over 6.00K day-l near 700 mb are seen. The levels of the 
peaks and their magnitudes are similar to those shown for the EI Nino year (Fig. 6.12a). 
However, farther to the east (Figs. 6.12b,c,d), the EI Nino year shows only minor changes 
in the Q2 profile, while the La Nina year shows significant changes in both the Ql and 
Q2 profiles (Figs. 6.11b,c,d). The most noticeable change in the 1988-89 composite is that 
the magnitudes of the maximum heating rates are much smaller in the eastern longitudes 
than in the west and the level of peak heating is significantly lower in the east. As a 
result, the vertical separation between the peaks of Ql and Q2 is much smaller in the 
east than in the west. In contrast, the 1987-88 composite shows the magnitudes are larger 
in the east, the level of the maxima in Ql remains between 300-400 mb and the level of 
the maxima in Q2 lowers from 700 mb to 850 mb. An explanation for the lowering of 
the Q2 peak in the 1987-88 composite (it also occurs in the 1986-87 composite) is not 
clear. However, the large west-to-east changes seen in the 1988-89 composite are likely 
due to the affects of Papua New Guinea and the Solomon Islands. The convection near 
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Figure 6.11: Vertical profiles of Ql and Q2 during the maximum convection phase 
averaged from the equator to 1O.00 S for 1988-89 averaged between a.} 140-150o E, b.} 
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Figure 6.12: Same as Fig.6.11, except for 1987-88. 
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these land masses appears to be quite different than the convection over the open ocean 
and these differences are being captured in the heating profiles shown in Figs. 6.11a-d. 
To summarize this chapter, we found that the centers of maximum heating and drying 
occurred during the maximum convection phase of the MJO. The vertical profiles of Ql 
and Q2 were found to be very similar to the vertical motion profiles found in the previous 
chapter. The double ITCZ structure was evident in 1986-87 as multiple centers of heating 
and drying on both sides of the equator. 
The El Nino years showed large peaks in Ql and Q2 between 300-400 mb and 
700-850 mb, respectively. The east-west cross-sections during the warm years showed the 
magnitude and level of the peak in heating and drying was not influenced by the high 
terrain of Papua New Guinea in the western portion of the domain. 
During the maximum convective phase of the MJO, the level of maximum Ql occurred 
at a higher level and was more uniformly distributed longitudinally across the domain in 
the 1987-88 composite than the other two years, a trend that was also seen in the vertical 
motion field. This was attributed to more intense convection and/or more upper-level 
stratiform precipitation in 1987-88, possibly due to larger positive SST anomalies. 
By examining the divergence fields, we suggest that the lack of a large upper-level peak 
in heating near Papua New Guinea during the EI Nino years was due to an eastward shift 
of the Walker circulation. This shift resulted in the descending branch of the circulation 
being between 140o-150oE, thereby suppressing the deep convection. 
The cold year was characterized as having much weaker Ql and Q2 profiles, with the 
centers of the largest heating and drying rates occurring near Papua New Guinea. The 
level of the peak heating near Papua New Guinea was comparable to the levels found in the 
warm years (between 300-400 mb), but over the open ocean to the east, the heating peaked 
at a much lower level (between 500-700 mb). This is an important finding because, as was 
presented in Chapter 1, the speed of the MJO wave in model simulations was found to be 
very sensitive to the level of maximum heating. The wave speed in the model simulations 
of the MJO were found to be too fast with heating peaks in the upper troposphere, yet 
the observations in this and many other studies indicate that the heating peak does occur 
121 
in the upper troposphere. This suggests that the models used to simulate the MJO may 
not be accurately representing the oscillation even though the modeled kinematic fields 
are realistic. 
The classical double peak in the vertical profile of Q2 was somewhat evident in the 
composite, but was not as pronounced as that observed in rawinsonde-based studies. A 
large low-level peak occurred between 700-850 mb and much smaller upper-level peak 
occurred between 300-400 mb. 
Finally, cooling in both the upper and lower troposphere and moistening in the lower 
troposphere north of 1O.ooN were shown. The low-level cooling and moistening were 
attributed to re-evaporation of trade-wind cumulus cloud drops and the upper-level cooling 
was believed to be due to radiational cooling off cirrus anvils combined with tropospheric 
radiative losses. 
Overall, the results presented in this chapter are quite similar to those found in heat 
and moisture budgets computed with tropical western Pacific data by many previous 
authors. This in itself is an interesting finding because it shows that reliable results can 
be acquired from budget studies of large-scale phenomena using coarse resolution model 




This study has been directed at an examination of the structure and properties of 
the Madden-Julian Oscillation (MJO) in the western Pacific Ocean. To construct a com-
posite of the MJO, outgoing longwave radiation (OLR) data were analyzed in a longitude 
versus time format. These Hovmoller diagrams showed a west-to-east progression in the 
OLR from the eastern Indian Ocean to the central Pacific Ocean. The axes of minimum 
(maximum) OLR were used infer the location of the axes of maximum. (minimum.) convec-
tive activity. With these axes identified, the regions between them were divided into four 
equal sections and then grouped into four convective phases of the MJO. The days corre-
sponding to each phase were then used as the basis for compositing European Center for 
Medium Range Weather Forecasts (ECMWF) and National Meteorological Center (NMC) 
model analysis data. Various kinematic and thermodynamic variables, including compo-
nent winds, vertical motion and temperatures anomalies, were examined in the composite, 
which encompassed the period of November through February for 1986-89. Finally, heat 
and moisture budget analyses were conducted and compared to other budget studies. 
Sea surface temperature analyses indicated that during the period of this study, both 
1986-87 and 1987-88 had positive anomalies in Nino-4 (defined by the Climate Analysis 
Center (CAC) as the region between 5.0oN-S.OoS and 160.0°E-150.00W) and 1988-89 had 
negative anomalies of nearly the same magnitude (see Fig. 3.1). We, therefore, refer to 
the former two years as EI Nino years and the latter as a La Nina year. Emphasis was 
placed on comparisons between the composites during the warm events and the cold event. 
The OLR analyses confirmed the results of many previous authors. An eastward 
propagating disturbance with a period similar to the MJO (30-60 days) was clearly evident 
123 
in the Hovmoller diagrams. We found that the MJO signal in the OLR consistently began 
near 90° E in all three years and propagated across the eastern Indian and western Pacific 
Oceans. The longitudinal extent of the propagation and the propagation speeds found 
were consistent with those found by Knutson and Wieckmann (1987) and Wieckmann 
and Khalsa (1990). 
The OLR data were subjected to the composite and proved to be consistent with 
other studies as well. A very distinct difference in the location and intensity of the the 
deep convection (OLR used as a proxy) was found between the warm years and the cold 
year. During the warm years the convection was centered between 2.5°8 and 5.0°8 and 
was quite vigorous. During the cold year it was located between 10.0°8 and 15.0°8 and 
was noticeably weaker. This is consistent with the findings of Liebmann and Hartmann 
(1982) and Deser and Wallace (1990). 
The MJO signal was found to be very strong in the zonal winds for both the ECMWF 
and NMC composites. One of the most significant results was that the maximum westerly 
winds (westerly wind bursts) occurred during the decreasing convection phase or, if viewed 
spatially, to the west of the trough in the MJO wave. This is consistent with the schematic 
depiction of the MJO presented by Lau et al. (1989) (Fig. 1.2). The orientation of 
maximum lower tropospheric westerly winds were nearly identical to the orientation of 
the maximum convective activity on the composited OLR diagrams. The north-south 
vertical cross-sections showed the migration of the low-level westerly winds away from 
the equator from 1986-87 through 1988-89 and, as was found in the initial investigations 
of Madden and Julian (1971), there was a phase reversal with height. That is, there 
were upper-level easterlies over low-level westerlies and vice versa. The east-west vertical 
cross-sections showed the upper-level easterlies (also seen in the schematic by Lau et al. 
1989) tended to vary with the changes in convective activity associated with the MJO. 
The intensity and areal coverage increased and reached a maximum during the maximum 
and decreasing convection phases. 
The meridional wind composites showe~ variability mainly in the upper troposphere. 
Comparison of the two EI Nino years and the La Nina year in north-south cross-sections 
124 
indicated a phase reversal in the upper-level winds. The warm years had southerly winds 
north of the equator and northerlies south of the equator at 200 mb, while the cold year 
had just the opposite. This indicated that the divergent (convergent) pattern associated 
with the ascending (descending) branch of the mean Hadley circulation and the southward 
shift of the circulation in 1988-89 was captured in the composite. 
In general, there was good agreement between the composites based on the ECMWF 
and the NMC model analyzed data for both components of the wind discussed above. 
However, the divergence and vertical motion composites showed some significant differ-
ences. 
A good comparison of the vertical motion fields between the two models was not 
possible since w was available in the NCAR archives of the ECMWF data and not in the 
NMC data. The vertical motion had to be calculated based on the derived divergence. 
However, differences seen in the divergence fields indicate how small differences in the 
analysis of the horizontal winds can be amplified in calculations based on derivatives of 
these fields. 
The horizontal divergence computed from the winds in each model provided evidence 
of the differences between the two models. Although the maximum upper-level divergence 
occurred during the maximum convection phase in both models, the magnitude calculated 
using the NMC data is about half as large as that calculated using the ECMWF data. Both 
models also showed peaks in the low-level convergence during the increasing and maximum 
convection phases, indicating that the convergence was important in the initiation and 
maintenance of convection associated with the MJO. A westward shift of the upper-level 
divergence associated with the Walker circulation from 1700E in the 1986-87 composite to 
145°E in the 1988-89 composite was observed in the east-west vertical cross-sections. The 
location and westward shift of this large-scale circulation feature was later used to explain 
some of the zonal variations of atmospheric heating between the EI Nino years and the 
La Nina year. 
As was mentioned previously, the vertical motion composite based on the NMC data 
was very different than the ECMWF composite. The shift of the core of the vertical motion 
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from just south of the equator in 1986-87 to near 15.00 S in 1988-89 was not evident in the 
NMC composite. Also evident were differences in the magnitudes of the vertical motion. 
The ECMWF composite showed the vertical motion to be as much as twice as large 
as in the NMC composite. Also, the ECMWF composite indicated larger inter-annual 
modulation of the vertical motion with the warm years being as much as twice as large 
as the cold years, but in the NMC composite the magnitudes were nearly the same in all 
three years. The NMC composte is clearly inconsistent with the OLR composite. 
The maximum vertical velocity was found to occur during the maximum convection 
phase of the MJO. The level of maximum vertical velocity was found to be consistent in 
both composites. During the warm years the peaks were near 300 mb and during the cold 
year the peak was near 500 mb. This indicated that the convection during the warm years 
was more vigorous, which is again consistent with the results of Deser and Wallace (1990). 
Comparison of the two warm years in the pressure versus phase diagrams indicated that 
the vertical motion profile had a narrow appearance during 1987-88 and was much broader 
during 1986-87. This suggested that there was much more modulation in the convective 
activity with the phase of the MJO in 1987-88 than in 1986-87. The core of the vertical 
motion in the former appeared more vigorous, but confined to the maximum convection 
phase, while in the latter the core is slightly weaker, but was evident over the increasing 
and decreasing phases. 
The surface pressure anomalies were shown to be consistent in both composites and 
consistent with the results of Lau and Lau (1986). Near equatorial westerlies (during 
the decreasing convection phase) were associated with negative pressure anomalies south 
of the equator and near equatorial easterlies or weaker westerlies (during the increasing 
convection phase) were associated with positive pressure anomalies south of the equator. 
The negative pressure anomalies south of the equator were observed to shift farther south 
with the convection in 1988-89. 
The temperature anomalies were weak, but had some consistency with the previous 
studies of Reed and Recker (1971), Reed et 81. (1977) and Hendon and Liebmann (1990). 
Negative temperature anomalies in the low levels found by the previous authors associated 
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with evaporational cooling in the unsaturated downdrafts were also apparent in the present 
study. The mid-levels contained a weak warm anomaly due to latent heat release. The 
upper-levels were found to have negative anomalies during the maximum convection phase 
(near 100 mb). This is indicative of the cold overshooting tops of the deep convection, as 
reported by Reed et 81. (1977). 
Reed and Recker (1971) showed a front-to-rear sloping region of positive moisture 
anomaly in their westward-propagating wave composite. This same front-to-rear sloping 
region of moisture was shown in the form of positive relative humidity anomalies during 
the increasing (front), maximum and decreasing (rear) convection phases of the eastward-
propagating MJO wave. 
The heat and moisture budgets calculated in the present study are consistent with 
those done by previous authors. The profiles of Ql and Q2 were found to resemble the 
vertical motion profiles very closely. The maximum heating and drying occurred during 
the maximum convection phase of the MJO, much like the vertical motion profile. The 
Ql and Q2 composites during the La Nina year were much weaker than the EI Nino 
years, a trend also observed in the w field. 
The peaks in the Ql profile were between 300 mb and 400 mb during the warm years 
and between 500 mb and 700 mb during the cold year. The convection near Papua New 
Guinea, however, was shown to have a higher level heating peak (near 400 mb) than the 
convection over the open ocean to the east (between 500-700 mb) during the La Nina 
year. The different levels of the heating peaks between the EI Nino years and the La 
Nina year have some significant ramifications to the correct modeling of the MJO wave. 
As discussed in Chapter 1, the propagation speed of the wave simulated in atmospheric 
models is sensitive to the level of maximum heating. The wave speed in the model sim-
ulations were found to be too fast with heating peaks in the upper troposphere, yet the 
observations in this and many other studies indicate that the heating peak does occur 
in the upper troposphere. This suggests that the models used to simulate the MJO may 
not be accurately representing the oscillation even though the modeled kinematic fields 
are realistic. The results presented here also suggest that in order to simulate the MJO 
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correctly, the EI Nino-Southern Oscillation (ENSO) cycle must be correctly represented 
in the model in order to capture subtle, but important, inter-annual variations. 
The typical double peak structure in the Q2 profile was evident in the composite, 
but the upper-level peak was small. A large peak between 700-850 mb and a secondary 
peak between 300-400 mb were observed. Yanai et al. (1971) showed a peak in Ql near 
425 mb and two peaks in Q2 , one near 775 mb and another near 525. McBride and Frank 
(1991) showed Pacific cloud clusters had a peak heating rate between 300-400 mb and a 
nearly constant drying profile from 800 mb to 400 mb. They also showed the Atlantic 
cloud clusters had a Ql peak near 400 mb and a single peak in Q2 near 700 mb. 
In the Northern Hemisphere, north of 1O.ooN, low-level cooling and moistening were 
observed. Although the exact cause could not be determined from the data, the re-
evaporation of cloud drops from trade-wind cumulus was suggested as a possible expla-
nation. Also evident in at the northern latitudes was cooling in the upper-levels. This 
cooling, which was maximum during the decreasing and minimum convection phases, is 
believed to be a reflection of the radiational cooling from the tops of cirrus anvils. 
As with most studies in the tropics, this study has numerous limitations. The first 
and most common to most tropical studies is the spatial and temporal resolution of the 
data. With the exception of the intensive observing periods that take place in most field 
experiments, most studies suffer from poor data resolution, especially when budgets are 
attempted. 
This study has the additional limitation of being based entirely on model assimilated 
data. Even though the assimilation systems used in the models have been continuously 
improved, the amount of data going into the model has remained rather low, especially 
in the tropical latitudes. The changes in the model assimilation procedure also create 
limitations themselves. It is difficult to compare one year to another if the model analysis 
routine has significantly changed. Also, detailed knowledge of the assimilation procedure 
used is absolutely necessary to compare and evaluate results from different models. 
There is also the possibility of aliasing of data between phases of the MJO due to 
the use of OLR as a composite base and due to the subjective determination of the axes 
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of maximum and minimum OLR. The results might be more reliable if the OLR data 
were band-pass filtered to only retain those frequencies near the MJO frequencies before 
determining the composite days or if a combination of OLR and zonal wind or velocity 
potential were used as the basis for the composite. 
This study was intended to be a starting point or a pilot study for the 1992-93 TOGA 
COARE field experiment. The data collected during the 4-month experiment is hoped to 
be of sufficient resolution to allow a much more detailed analysis of the structure of the 
MJO. The composite scheme employed in this study was used to increase the temporal 
resolution of the data, but the inferences made in comparing the EI Niiio years and the 
La Nina year should be substantiated using a larger data sample. The fact that the 
MJO is evident in each of the model analyses is a significant result in and of itself. It 
makes it possible to examine large volumes of model data, which has at least some basis 
in observations, in order better understand this atmospheric oscillation without using 
the large amount of resources which are typically necessary for field experiments. A 
similar composite analysis using many years of data re-analyzed using a constant known 
assimilation system would allow higher confidence in the results presented within. 
Future work should concentrate on the relationships between the three prominent low-
frequency oscillations in the tropical atmosphere, namely the MJO, ENSO and the QBO 
(Quasi-Biennial Oscillation). All three are likely inter-related in some manner that, when 
finally revealed, will greatly improve long range forecasting in the tropics. In addition, 
from my own personal experiences in forecasting tropical cyclones the western Pacific 
and Indian Ocean regions, I believe there are some definite relationships between the 
phase of the MJO and the formation of tropical cyclones. This relationship likely involves 
many other aspects of the tropical atmosphere, including monsoon dynamics and cold 
surges. However, the westerly wind bursts associated with the passage of a MJO are in all 
likelihood instrumental in injecting the monsoon trough with enough additional vorticity 
to aid the spin-up of tropical cyclones along its poleward edge. 
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· Appendix A 
COMPOSITE DAYS 
As mentioned in Chapter 3, the composite is based on da.ta from the beginning of 
November to the end of February for 1986-87, 1987-88 and 1988-89. Tables A.1-A.3 list 
the Julian days used to construct the composite a.t each longitude for each convective 
phase of the MJO. 






